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SECTION I

IN ’l’RODUCTION AND SUM1\IAR Y

This final report is submitted to the United States Air Force , Air
Force Systems Command, \\‘right—Patterson Air Force Base , Ohio , in fulfillment

of Part II of Contract F33 6 15—74—C—20 68. This contract covered the development

and evaluation of several Advanced Turbine Engine Controls Components. The
Part II effort was directed towards evaluating a mean s of controlling the
temperature environment of signal conditioning electronics for engine control
components. The work was performed during the period of June 1974 through
September 1976.

Advanced Thrbine Engines are e~~ ected to have a large number of

variab~3—geometry control functions which will be controlled to provide optimal
performance throughout the aircraft mission profile. Engine functions require
an integrated control system to ensure their proper scheduling andproper fail-
safe interlocking. The number of control parameters to be sensed, the multiple
control modes to be established , the large number of control functions to be
accomplished , and the requirements to effectively interface with the aircraft
control system , all indicate the need for complex engine control systems.
In order to satisfy these requirements , electronic computing engine control
systems may be necessary , because of their adaptability and flexibility, to
satisfy these corn 1)1 cx control requirements.
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Elect ronic  elements of the engine control svsteni s wil l  require
protection against the high ambient tem pe rature s to which they ~vill be exposed
at their  mount ing locations on the engines . Requirements for the se assemblies
to operate wi th  ambient  tempe rature s up to 500~ 1 are a requirement for
advanced t r anso n i ( ’  supe r sonic a i rc raft . The temperatures in hugh super-
sonic ( M a c h  numbe r 3. 5) applicat ions reach 7500 F’. Since electronic components
are gene ra l ly  cons ide re(1 to be operable by their manufacturers as long
as their tem pe rature s are l imi te d to 257 ° F or below , some method of envi ron-
mentally protecting the electronics must be used . The major  objective of this
project was the design and evaluat ion  of a nove l method of maintaining the tem —

peratu re of an electronic assembly below 257 01,’ whe n exposed to ambient tem pera-
ture s up to 7500 1, . This maxim um tem pe rature was sele cted in orde r to provide
an adequate design m a r g i n  and to allow for future growth in airc raft/engine
pe rIo rmance .

1’he program was intended to evaluate the ability of thermoelectric
cooling elements to pr ovid e the necessary cooling in this extreme environment ,
and to establish the practicality of utilizing this approach for advanced turbine
engine controls. A special cooling module was developed as a test vehicle with
which the performance and durability of the thermoelectric elements could be
evaluated via bench and engine tests. ‘h’he cooling module design was unique and
was based on heat transfe r considerations. It employed novel advanced technology
heat exchangers and prov ided an integrated structure to house the thermoelectric
elements and the demonstrator package of electronics attached to them for cooling.
‘l’he secon ( larv  cooling source employed JP— 4 engine fuel at temperatures up to 330 ° F.

A s ignal  condi t ion ing  c i rcui t  for thermocouples was selected to be
used for the test program . It was considered to be typical or representative of
the types of sensor cond i t ion ing  c i rcui ts  that  would require thermal protection. The
ci rcui t  accepted eight thermocouple signal inputs and mul t i plexed their outputs over
a single communica t i on  channel.

The electronics consisted of a thermocouple ampl i f ie r , an ei ght
channel ampl i f ie r , a cold junc t ion  reference , and t h e  analog section of a dual-
slope a n a l o g — t o — d i g i t a l  converte r on a one inch square thick fi lm hybr id integrat-
ed ci rcu it  t ha t  was packaged into  a therm all~- conditioned module. J P—I fuel was
u ti l ized as a heat s i n k  and ther m oelect r ic cool i n g el em ents  w er e us ed to pump
the heat from the h yb r i d  m o u n t i n g  surface to the fuel heat exchanger. ‘l’he design
of the ni odule also s hu ited the iii a jor heat  from the ens’ ironni cut di rect lv into the
fuel heat exeh a in.~c t ’ .
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‘I ’he concept of thermoelectric cooling utilized in this project is
applicable to thermall y protecting othe r engine sensors or signal condit i oning
electromcs. The approach used in thi s project is intended to point out an alterna-
tive to conventional p ac ’haginc ~ techniques lot’ electronics for advanced high 1) cI’ fo ] ’Il I anl ’c ’
aircraft engines .

The uni t  that  was developed and tested wei ghed 1. -15 pounds. It
functioned to measure s t entp eratu t’c ’s  in range uI 0 ° F’ to 3000 ° 1” and pr ovided nominal
accuracies of 0. 5 in an environment where the ambient temperature was va i’ied
front —6 5 °F to 750 °F. The n iax inium temperatu re reached by the hybrid electronics
WaS 250 ° F. Under  the ~vo rst cast .’ ope rating conditions , 1300 B’l’U ‘s per hour were
pum ped to the fuel of which 13 13’I’t ’ h i’ were removed by the thci ’iiioelectrics.
The thermoclectrics developed under thi s program were able to main ta in  a 90 0 v
differential between the hot plit t e (lUel coo led) and the cold plate (cooling’ the electr oni ( ’ s).

The unit \vas also operated for 200. 3 engine test hours
mounted on a P\V&A i’l’9 1) eag’ine in a test cell. The uni t  was not used for engine
control since the test objective s were to demonstrate the mechanical i n t e g r i t y  and - ‘

durabil i ty of the uni t  under se~ crc engine acoustic and vibrat ion envi ronments .
Since the temperature env ironment  in the test cell was t’erv nominal , a full  eval-
uation of the un i t  under worst case conditions when mounted on the eng ine  could
not be demonstrated.

‘l’he specific e f for t  performed under the contract included the follow-
ing tasks which are describ ed in detail in othe r sect ions of this  report :

a. Prel iminary I)esign
b. Ana ly s i s  of Alternate Sensor Types
c. l)evelopment of the Therm oelectric Cooling Element

and h eat Exchanger
ci. l” ahrie at ion of the Ci rcu i t  Rreadboard - ‘

e. ‘l’emper a ture  Control of Hybrid Integrat ed Ci rcu i t
f. Read-out Modul e Design

Thick h u m  Hybrid ( ‘ i r cu i l  P r e — t e s t
h . (‘otii  po r t ent  \ssem I dv
i .  (‘onipo n ent  h~~’ r h o  rman c ’e ‘l es t

fl~ n e  l e s t
k. Preparat ion of a Final Report

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ---— ,~~~~~~~~~~~~ “-—~~~ -- - - -~~-. - .-
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‘l ’lt c The i’ina ll  y Condi t io ned  Mod ule ( ‘l ’( ’Sl ) d emonstrated tha t  elect rot-
iC ( Icy ices c a n t  lie p :ic’k:ige I so s to c cooled by thc r in i oe l ec t r t c  cooling elena  i

to ~~ r~ i~ e the en~ I t ’ )I i!I’ cut of h i gh  per l o rmat i ce  a i r c r a f t  tu rb ine  engines.  Su i ’v i v —

abi l i t y  a t  ambien t  t emper atu  n’es up to 750 0 1, ’ and \\ ‘it hi cooling luel temperatures up

to 3000 l’~ was suc ees sfu l l \  demon s t ra te d  under bench tests.

lh ’ta i I  anlysis ar id i’c ’siilL~ ul the various tests performed are covered
in the body ol the report. ‘l’he module designed and tested during the study satis—
lac ’toi’ i l v deint onstr at ed the concep t  feasib i l i ty .

• ( ‘o i ’i’ e la t ion Uc t w c e a  the heat transfer analysis and test
data w~n s ,~ s i .

• l est at  75t ~ I” ambi en t and! 300 ° F fuel temperature showed
the signal  conditioning circuit temperature to be at 210 °F.

• ‘l’he si na i  coiithtior~ ng circuit fluictioned normally after
Iabo i’ at cn ’y vibration test s and after engine testing.

• ‘l’hc i c  \vas no apparent damage to the mod ule as a result
ol l abor ’at o t ’ \  \‘ibrat ic)n testing ol- engine running. A
I’a i lu  ‘c did occur in the heat exchanger. A minor desig’n
change would ( ‘01 1Cc) .  this prc )b lent .

(‘ sing the a in a ly s i s  design techmques and correlation with test data
gene i’~ tcs I clii ring the p i’ t a m , futu i’c applications can be specifically desi ned with
a high dcgi ’ee of confidence that resul ts  will conform to requirements .

L
- ~~~~~~~~ ~~ ~~~~~~ ,-~~~‘



SECTION II

Th ERMALLY CONDITIONED MODULE DESCRIPTION

2.1. GENERAL DESCRIPTION

The project described in thi s report included the following major tasks:

• Thermally Conditioned Module (TCM) mechanical design

• Heat transfer analysis

• Signal Conditioning circuit design and manufacture

• Thermoelectric heat pump design and manufacture

• Readout module design and manufacture.

• Test the completed TCM.

Details on each item design an 1 test results are covered in subsequent
sections of this report.

A thermally conditioned module was designed to demonstrate a cooling
method whereby the electronic control devices installed directly on the engine woul d
be protected from ~he severe temperature environments associated with Mach ~. Ti

aircraft. Ambient temperatures up to 500 ° F in the engine nacelles arc expected to
be common for fu ture supersonic airc raft. The module was designed to with-
stand ambient air temperature of 750 ° F with fuel at temperatures U~~ to 330 ° 1” p rovided
as a heat sink. The selected design criteria for f-he module are:

Air  Environment -65° F to 750 ° F
Air Velocity 50 ft/sec
Fuel Coolant Jet fuels conforming In

I\lI L—T— 562 1
M II —G— 55 72
MIL—G— 3056



Fuel t empera tu r e s  — 6 5 °F to 330°F
Fuel flow t a l e s  thru

m odu le Imc ’ :t t  exchanL ,cr 100 lbs/hr.
h y brid Circui t  I’empera tui ’e

l imit  257 ° f Ma x.
Circuit Accuracy 0. 5” ol’ Full Scale

A thermocouple signal conditioning circuit was selected to be used
for d emonstrating the performance of a thermally conditioned module. ‘I’hi s signal
conditioning assembly was considered to be typical of the type of sig’nal condi tioning circuits
and transducers that would require thermal conditioning. The electronic circ ui t inn s
designed to accept inputs front  eight thermocouples and convert their output signals to
digital format. ‘I’ lie outputs were mul tiplexed anti transmitted to a remote digital
readout module. The thermoelectric cooling technique used in thi s design could also
be applied to pressure sensor ’s , l ) Y r o m t l c t e E s , or any other engine niounted sensor and
associated electronics that  rec 1rn i mc a th e rm ally conditioned environment.

2. 2. M ECHA N ECA1~ I) ESIGN

‘I ’Ia ’ thermally conditioned module ( ‘1’).’ )d) is constructed of aluminum
to minimize weight and to obtain goc si heat trans l’c’i’ cha rac-teristies . ~‘\ sectional \‘ic’\\
showing the major components ol the module is shown in Figure 1 . A more cOIm) l ) lC te ’
view of thc’ vaI ’iou , -~ c o n i p o n t e n t s  of the module is shown in Bendix dm’ aw i mm ~.t number
FXD—339 00 , Sec t ion  III , 1”ig’u m e  10 A photograp h of the major  sub connpone nt s is
shown in I”igur-c 2 . Samp les of the prim :t t v  and secon d:m i v  heat c’ ,xc’ lnm me ~ ’ i ’ in m u t a t i o n s
are shown in l”ig’ut ’e 3.

‘l’he hc ’~i t ex chan ge m’ mmio du lc ’ s  we m e  tnnzmnu f a c ’tu  r e d  at the Bendix Resi , ’a m cli
I ,ahoi ’a t ‘ m’ i c ’s. ‘l’hc’ heat c x c l n m m r g e m ’ s a m’ e fabricated f r o n t  U . ( I 10 inch thui -k ~h tt ’t ~ of
l vpc ’ 1 1- IS  A I.  alloy . ‘l’ htc ’ individual  I I:t  I t’~ w e l t ’  chemmmic ’ a l l ~’ m u l l e d , then j o imicd In

(Lfiu 5100 bon ding. The therm oelcctric u ’ s i i t~~ cit. ’ I n t e n t  wa s  lu mnj shed In l i i i  Sent i—
tm ’ omnic , — , Inc. oh ( l t t t n t n o ~, Ohi o. Additional 1 l 1 5 C 1 1 s 5 !u I l  of this (k -v ice  c a r t  he lounid
i i i  5 c ’ e t i t  I i  \‘ nm1 ( I  ii t,hc’ App endix.
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‘l’hc teclinuques utilized to m eet the design goal can be briefly
summarized as:

• .\ protective outer shield insulated from all other
l)al tS of the module.

• ,\ t l  iimer cover thermally anchored to a secondary
heat e~’ceh :ungei’ .

This co nn’ rbinatio n of parts will keep the inner cover
at or ne:tI’ fuel temperature.  The temperatur e sensitive
c1cni enL ~~ar c fur ther  protected by an air gap between the
inner en cc!- and electn nile ci i-cult.

• lIe:it  is radiated , conducted , and generated by the
electroni c circuit. The electronic circuit is cooled by the
heat pumping action of the thermoelectrics to a tempera—
ture nin ety (90 °) degrees Fahrenheit less than
the incoming fuel temperature.

2.3. T l h l ;H M A L  ni’:siux

‘l’he heat pumped by tlic ’ heat exchanger includes all the thermal
radiation , convection ~uid contduc ’t io nm h :ihs from the environment and internally
generated heat. ‘l’he internal heat is generated by electrical power dissipation and
by frictional losses resulting ii’onn the fluid flow through the heat exchanger in
addition to the conduction lo :rcl j n i ~ ) ,s ( ’ t  I h~ the thermoelectrics. Under worst case
conditions , the total heat load f ron t  these sources  auit owit  to 60 watts. The largest
component of th is load is due p r’~ ri a r i f t  to) the inefficiency of the thernloelcctrics
which contributes about -10 a I t s  of heat.  The secondary heat exchanger emp loys
the fuel from the primary he at  ex & ’ I i a u i g e i -  to se I’ve as a heat sink for the etn’el’ and
baseplate. The td)ta l heat coi it i’ibutcil by the conduction path front the cover ’ and
the baseplate is 5 3 )  v~ a tts . U mu len’ w i t  m ’ se case  o})e rating conditions , the operating
temperatu re of the electronics is rmr: t imi t a in eoi  at less than 2,50° F .  To provide for
the capability of pumping al ,nt ut  I I I I  \~ atts , Iii  gli  ‘,o li,unieti -j c heat exchangers were
o le,sigiieil . I )et a i l s  of the heat t ’xt ’h t c~~m ’  ‘ c-ou st i’u c-ti in are shown in Figure 10,
So’cti onis 13—B , Il— Il , - i — I , P— I , 1” — 1” and I : —  I ut  Bendix l) i-awing 1”X 1)—33900 .
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2.4. U LI:(” 1’I~~)Mc’ Dl ; SL UN

,\ block diagi-ain of the thermal ly  conditioned module sy~ t c ’ I m i  as
tested and as etr ’  i s i t  ni ed [ni engine installation is shown in l”igu ic ’  l . ,\ ~ \ ‘t c ’  in

block diagi-ani of the clec ’ti -on ic- s within the thern ’rally conditioned n’modci  Ic is
showli in l”ig’ui ’e 27 1 Sec t ion IV. The module consists of a the n -u in oc oupic  a n n i p l i—
fler , an eight ch~umel mult ipl ier , a cold j W’ietioti i-efui -ence and the aur al  ‘,~ sec’l h n
of a dual—slope :Irlalog—tO— dligit al I I  n’~ c’r’tt’i’. ‘I’he elec ’tm -uri i c s wit lur t  th in ’  modu le
are built on a one—inch square hybr i d  circuit. The accu racy of ea,-h c hannel is
better than 0. 2~’ when operated over a 212 ° l- ambient t eml)eratu n e  r ange . ‘l’ I’ic
accuracy is achieved thi-ough tile use of low—drift integrated c i  rcu i t , — and p c c c i  si i i

thick—film rc,A istu! ’s. The uni t is a custom hybi’id built by the i l er ic l i x  ,-\ ~~‘ I ’ i

Division. A photogi -ap h of the uni t  is shown in l”igure 5. Fir r th cr ’  dcl u s  ti f
the electronic design c-an he found iii Section IV.

2. 5. :\SS( )t ’I :\ I E l)  I’~( IPI \ lL ~~’l ’

‘I wo iterrr s of suppoi-t equipment were designed tot’ t( ’~’t % i \ g the
thermally controlled module which are  shown in l”ig’ure 6 with the m odule. ,\
digital readout modul e ns i-equii ’ecl to moni to r the eight (t m ) therniocoup lc ’ s i g n i a l s
to estabLish the p ei’for -n’ìance c)f the signal eonctit ioning elect -onics located in the
thermall cortdli t ic )n edl module. The readout  module which was r c ’ i i i i i t c ’ l ~ loc’ i t c ’ i I
fro m the modul e cu t i s i st s  iu f the counter ’ sec tion of the analog—t nt —di g i ta l  e f l t \  c- r ’ I e n’ ,
the numeric  d i s iu Ia ~ s and the channel select  logic. A d igital—to—a n alog c ( t v &  t ’ t ei -

is also pi-ovid leni  to allo~v : t m v d t i g i-ccord inig’ and display of the data chann els . ‘[‘ho ’
output signal of the thermally conditioned n’r odtr le is in digital for r ’r ’r ~vhic ’h t lic ’ r c a  I ‘at
module translates and display s in decimal form using seven scgr n c -nt  light e m t i i t t  [r ig
diodes. The read out modul e ~voulcI not l)e i’eciUii’ed in an engine c’ctn ’r tro l a j ) I ) l i d ’a t i ( t n l
Since it Woul d be replaced I) an in te r face  cii-cuit in ì the chg’ital ( ‘ r l g ’i I l ( ’  eofl t m ’ i t l l c ’ c .

‘I’hc sd’( ’ t ‘ I U I piec e r u t  eqtu ip mli  ‘ u t  \ \ a  S a l)o\\ ’e r- supp ly [or ’ the ( l i t . ’  u n t o —
electric cooling element. ‘I’he the i ’mriuic ’lc ’ct ro’  t ’ l t . ’ t i i c ’ t i t  1-eqilires I)t ’ cii c u t  and

~ill p r o v i d e  h c ’ a t i r u g  or cooling. ‘[‘he 1) ( ILrn’ i t \  mId ! n iagn ii t it de of t h e  i u i I ) c u t  c u r r e n t
controls the a mount  ol heating on’ c u  i i i i g.  ‘Fhie temi)[)er :ttiu mc’ ot I l i i ’  el cel l ’ a it. ’ ci ‘ cm ii
and in ti ll ’ ther mii a l ly ( ‘Ont I’Oll ed ‘ i c ’ l u l u  was  sc ’uis c’ d by a therm i s l o r ’  aot u i i t , ’d on h i t , ’
hybri d i te gn’ at ed c i r c u i t .  The t h e t ’m i i i s l o i ’  () 1’o\ ’i( ld ’( I a con t rol si al  t o  1h re m t - I ~
locatedi po~Ver ~-u i p p l v  which a d j u s t e d  t i r e  output cur i’euit  to th e t i i t , ’ i ’ t t u o t , ’ h ’ t ‘ I i  c ’ I & t ,~
as i-equirccl to main ta in  t h e  l~’sit’ ’d t& ’ upc ’I  atiti ’ c en~ in’ t r iii u eat in the i t t l u b  . I ’ I u r s
particula i- module t lc ’sigi i r ( ’qut  ‘ ed :u~)pn’ u u x k I i i a t e l y  tO wat t s  m iaL ’ i i r inu n i  II  c i  a l l

ampe re . , \ t h l i ( i . t t a l  t l : u l a  t o t  the R \ \ t ’ I ’ ~upp I v  h - u g h  c— uI ’ i’ ’~t,’mih ’d l i t  , ‘~ ‘t ’ I r o m t  l \ .

I I
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It should be rioted that  an airborne po~\’ei’ siu i ~iul ~ v oul d be ‘ eu u i  u ’ c’ I
to supply ~~~ en to the thernioelect i-ic ’s in an actual e n gih i c ’  control app lic at ion. Such
a unit would have to be designed to also su rv ive  the al r’ ei’a 1[~ en gine  c i i ’  i I ’onr irc ’r i t .
Thi s power supply could he incorporated into the engine elcetroiuc d’Ont i ’OlleF or
in the signal condlitioning modules for thic ’  engine sensor s. It would u t i l ize  tuon c i ’

directly front  an c’ng’in c fui ’nished alternator. If the engine alteniatu r is a h igh inn—
pedance permanent magnet type , then only a set ok rect i f iers  is rcquirech to provide
the direct cu ri ent fut - the the i-uu oelc ’ctrj c c’c 11cm’ .
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Sl ’~C [‘ t o iN 11!

‘ l ’ II i ’ I  t I ~ L\ I DES I GN ,AN I ) DE\ ’I ’ l, OI~ ’uIEN ’I ’

1. G E N E RA I - I ) [ SC1I!PTI ( )N

‘I’hc’ u l ,  i t  ‘c ’t i  \ c the [lit. ’ cm a I h’s  i gut and d c ’  ye !opme nt phase u! this
program was  I t  ‘ ) \  t i ( ’  t o m ’  , i I t ’ q u a t t ’ t ’ o u h u n g  of a hy br id  c ’l ec tmonic  paekagc’ .

Simpl i  fled s~’ Iie ri , : u t i a s  shtn ~ cia, t hu  [hit. ’ rui n l i v  c’onditioned module cons t ruc t ion  arid
associated the ccii a h I r un s  ~ i’ I u , t h i s a n ’ c’ sh own in Figure 7 . The baseline for test s
and analy sis assm rtiu ed the I dIo~ ’ i r t g  c o n d i t i o ns:

\ ‘a n ’ i a l , l e s  Noni inn I Va Icr es
A Ic  cc [cs, t~ 50 ft . se a~
Catotin g fcre h I’h tw raft’ 100 lbs h i n ~
( ‘ u u - t e n t  l i i  t ’ ~t g h  thc’ i -nit e h c ’ ct n’ i  as ‘l~. U . mu ps

Vol LI ge Ut i - o t m g h ‘1’. U . 2 . 4 to ~~ . 0 \ ‘O I [S
Inlet cool ing  tue I t n 1 ‘ n’at u u-c — I  5° 1” to 3300 l,_

A i r tent p ’  ra t ir ii’ —6 5~ I” to 75( 10  F

h ” i a ,mi cc ~ g i \ c ’ s a s i r  p h i  f le d  m ode l of the v a r i ou s  the r u m !  t ransk ’ r
ru echarn  isr ii s in  ope r at  i m in the cii odin h i ’ . I teat  e nte rs the iii odu he th rou gh the
d’c)Vd’ r , t h e  h e ad !  wi ci’s , the iii i n u n u t i  rig and tim e fire I ( inc ’ s . In to cnn l iv heat  is gene rated
h my the hvh rid ci m c ii i t and t hm c ’ thc ’ cm ne lect i - i  c coo le u’ . I Ic -a t  from the hybr id  c i r c u i t
is conduc ’ted to thin’ t o l d  p late and the n puni~x’d by the the rmoelec’tt -ic’ u n i t  td ) the
p rim a i-v hc ’a I. cxc’ ha ng& ’ 1’. ‘[‘hi’ c ’t a u l  i lug ’ fu me 1 ft I w in the pr in t  a cv he at cxc hange r ca n - c es
the heat out of the i m m o d u i c ’ . Since th c’ the rm uc ’le d ’t i - ie uni t  can PU~ )I ) heat against
Ia rge aui vc ’ u - sn ’  t e nm j  ~~‘ a: t ir cc g cad I e m i t s  - the cc) 1(l plate an (I the hy b r i d  c’ leet i -on i c ’s c a n
t~~ iii a into inue ( l  at to ’nr l~°’ i - :ut u I_ n ’s  cii uch coo her than the fue l toni peru tin ct ’ .

I ’ Imc ’ ‘I ’ (’ \ I I c s  I m l i i  i t  i ’n tnms t i ’u c t enl  au di tested enmj ) loyed alit m m i i n u n m  con-
struction whit. ’ reveL ’ pnus s  ihic t u I o’cu ~’icle low weight while l b t ’ ( ( V i r l i  1mg gi 1( 111 t hin ’ i - t i n t !

properties at low c o s t .  A c h I t  —aw a~ cl n’awi n’g with li t e n t h  t n r s  of the tire i ’ i i u  Icu irp les
Usc ’(h to u t l u t a i u i  test data is Ii o~ i i  in l” igur re 9. ‘Fable 7 l i s ts  t h e  c-orr ’ c ’s pc tn i nhiuig
thc I’mocouhile inc a ti l b . ‘l’hic - un i t  shown , : l ) l ) ro x i  n i a r t ( ’ lv  lull s li t . ’, measures about
3.5 in c ’hr ( ’ s  i i i  d i a u m u e t e n ’  a m id  2 . 7 ’• [it ches t i g h t . ‘i ’he lay out d i ’awi i ig  fun ’  flit. ’ thu . ,’ i ’ummal lv
conditioncd nimodi r l ’, I I I  I ’  h i \  I hI t\’ , i lta, I N  H — :~:;ao ( I  , has l)een rel)roduce(i in 1’’ig’ui’e 10.
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l ’hie I ’ ll ( t t . ’ O i l i  t ic ’ I ,( c u t  i ( i t i s

‘l ’h erru ~a1
( ‘ 

~j~~ c’ -~ 1,c ’catioui

I I uc ’l 1’ ,\ i t  I o i l
2 l”un ’ l  lr ul c ’[ I ’  i t

( ) uh ~-c (, o~. ci ’ —— l’irel Inlet Sid e
4 (lu [ci’ ( (  t\ ’ e’r — —  ‘ l ot ) Side
5 ( lu te ‘ 0 ’ ’ ’, c r  —— l”uel Exit Ho it  Sid e
6 l’:h ’c~tu’ic ’ al (‘oi ur iec ’t oi’ Shell

S No t  used

i t )  h u t  1’ d o \  c i ’  — (‘cn[c’u’

11 Inm ’u e u ’  Covc’ r — —  l’lrel Inlet Sid e

12 i iun c ’ r ~, ‘ ( \ c ’ u’ —— Fuel Inlet Side .Neai ’  Flange
1 I I \ I ) r id l  ( ‘i rcuit ( ‘ ‘\‘ c’ u ’
1~1 I I vb r id  C i  i i  ‘ciii  i \I our r’r t ing 1”lange
15 ‘i ’ h e i ’ n moc l t ’ c t  u’~c Cooler —— Colt.! Jun ction
it  ‘ l ’h & ’ i ’ i i  lOc .’lL ’ ‘I t i e  — — 1 lot Junction
17
1~ ~\Ot u sc ’cl
19
2( 1 I k,uv, - n u s t r c : u i : i  , \ u u : h i c u i t  , \ i r ’  — —  Neat’ l”uel Inlet P o r t  Sichc ’
21 A u t i h i e n t  , \i r — —  N c a  u ’ Out ei ’ (‘Ove l’ — ‘I’op
22 t ’~is ti’ c ’ n u u u  Ami i l t j t . ’u ’ i t \ i i -  —— Neal ’ Fuel Outlet P u t t  Side

m ill- a (‘ 1 ‘ks’  u ’ —— F’u c ’ l Exit I kur t  Side —— On l”lange
2-I ‘t l tdu lc ’ Bat-i n ’
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The hy brid electronics to be cooled are packa ged in a 1, 25” x 1. 25” x
0.25” Kova r packa ge . The se circuits , wi th  housing , are mounted on a printed
circuit card of 1. 75” x 2 . 25”. A cold plate is atta ched to the printe d c i r cu i t  boa rd
and is in direct contact with the electronic package and the cold junction of the the rm )-
electric coole r . Cooling flow ci rcula t ion is into the primary heat exchange r (in
contact with the T. E . hot junction ) and then thru the secondary heat exchange r to
the exit port .

The heat exchangers are sh~ v n  in Figu res 11 and 12 . Figure 11
is the primary heat exchange r (also called #1 heat exchanger) . The the rm oe lectric
unit is mounted on the primar y heat exchange r . The entering cooling flow to the
unit is channe led immediate ly to this pr imary heat exchange r . The cooling f low
after passing through the pr imary heat exchange r the n passes to the secondary heat
exchanger (Figu re 12 ) which is mounted to the 1~ se plate and is’Uoughnut ” shaped
to accommodate the connector in the center of the base plate .

- ‘~‘/,/‘- ,AJ”T ,4’/N -

7~-’/f ,-tce’&9 
— , / M ’ ~’ ~~“22 2,~~’ ,,S’,0Z~q/ “

/ 1, 
~~~~~~~~~~~ ~~~~~~ -

~~~~~~~~~ ~
‘
~‘C7~~J’ -

/9/ ~15”,0/,4 1fl5 ,,~:7”' ‘,iE’,OAlt 04’4V~

/ -S 
_ ‘_ _

S I
C ~ 

‘ -  0 ~~~~

- - - 1/25
•5 / —- 

‘
- -

.~~‘t’ \ ‘ , - ‘.45 , 1 — —
~—‘

~~ ‘~~~ ,i’Z -~ ~~~~~~~~~ 
, ‘-

~~
‘ ,~ 

I 
~
, -

, 1~ 
, ,

‘ - ‘ 
- ‘I ‘ ‘ - -

0_ I  ~~~~~~~~ “~‘ -5 y , ! I t , ’)
22’.9 ‘- . ‘~ 

‘ ft - ‘ 7 /

~~ 

‘

~~
:- ‘ — ‘- “ft

~~~~~~~~~~~~~~ ,-“~‘~et, “
‘s ~~~ , ) 

- 
-

,
~ 

‘
~~~ I

~‘~~t ..“t L ‘ — A , / l / , J 72 Z~~~)~ ’,Z J ’ C~~
,7/ I’ ’ 54 ’,’ ‘ s  C 

— 
1 ,75,7”.03 

- ‘ -
- ‘ -

— i . ’SO; —

— 8 75
— —  0/0 - “.2 s’ ’ ” ’ — / 75

— ‘5

F ‘VI I 
Figu re 11 -- P r i m a r y  h eat Exchange r Plate

21



_ _ _ _ _ _  -- 

“ ‘  “
- ~~~~~~~~~~~~~~~~~~~~~~ 

‘ . “ --‘—--5 - --‘ - ‘--
,~~~~
=‘- ‘ ‘ J ~~~~~ 

“
~~~~

~~~
-: ~— ~~~~~~~~~~~~~~~ 

- 030,010

I 

: 

~ 
~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~ 
-

~~~
‘ ‘ N C - C  \

\ “ 1~~ __ 
/ 

~~~~~~ /‘

~- CA C E 4 / I  ‘\\ ~~‘ 5. ‘ 
-~~ 

‘ 
- / ~- / ‘ C”/~~V5E’C’ -

- ‘,~ I ~~75,’ ~~~ \ ~~~~~ S’ , ,‘, ,
N ~~~~ 

-
‘ - ‘ 

‘ -
~~ 

‘5, —~~~~ - . ‘ ~E 5 i O N A ’ A
SCALE 4 / I

‘“-,..7

~

— — 0~~ ~~~D I ’  AA’t*1Qft’ 0 t~~’~”

— / 5,~ — ~~ 7/W ,flft, 7V~4”

— 95 S E C T I O N B B
- SCALE ‘~ / I

Figu re 12 -- Secondary Heat Exchange r Plate (FXC —33919 )

2 . DESK ;N API ’RUA CII

The design i s  i l lust rated in Figure 9. The use of a the rm oelectric
heat pum p allow s the electronics to ope rate at low temp era ture s  even with fue l
t e h x~~ tLues in  eX( ’( ’SS of t h -  maximum rated level for electronic components .

Envi ronmn ’n t ~il heat transfe r to the region of the electronics must  lx~
n i i n i m i z e d  in orde r to reduce the the rmoe lectr i c  heat load . At l ow heat loads
the the rmoelect ir c  un it  can maintain the electr onic temperatures about I 00~ I”
coole r than the ent e r ing  fuel tem perature. This temperatur e dif fe rent ia l de c reases
w i t h  increas ing  heat loanl .



• l)ua 1 heat exchange n’s and a double w a l l  cove r ar e used to Lec’ p the is ’:i
load pum ped by the the rrnoc lc ’c t r ics  to a m i n i m u m , The inne r cove r is the rrn:i lv
anchore d to the s(’conda rv heat exchange r and insula ted  from the oute r ~‘o ve r . ‘[‘he
objective is to ho Id the i nne r cove ‘ at or nea n- the (‘00 ! ing fue l tern lx’ ra tu re . ‘I’hi ~
arrangement  shr ouds the hvbi -id c i rc’u it and the em oe lect r ic  u n i t  in a tern pC n ’ :i ture
environment which is  cssent H l t \ ’  ( ‘d ual  to that of cooling fue l . The eflv i n’onmc’nta I
heat is et k ’c t i v e  lv blocLed from penetrating this shroud and.the re fo re , the
tern pe rature in th i s  c r i t i c a l  space and the heat load that mus t  be p~ m ix ’d I , i the
the rm oclectric un i t  are b a s i c a l l y  independent of the a i i -  tempe ratu n-c surrounding th e
package. The i n c o m i n g  cooling’ fuel is i’outenl f i rs t  to the pr imary heat ~‘x ch a t ig ~.’r
and then to the sec”onnla i-v heat  exchange r. This provides a p r ima  i-v hea t  exchange r
tern pe rature vn ’ i-v flea n v  equa l to that of incoming fuel. The electr onic d i  1 ( 1 !  it i t’;
mounte d di l ’ t ’ C ’t ly  on the cold p late which is in direct contact with the thei’nio—
electric cooling element.

The design go: Is of the project ~v e re based upon P roje ctions of ‘i ’q u I 0 ’ —

ments for futu re high  Pt’ nio r inan ce a i l-c t-a ft i n s t a l l a t ions . ‘I’het’u ’ p r o i eCt i ~ n -i 111(1 ,‘atA ’
fite I tem pe rature s that a re n o r m a l  lv be low 2 75” F for the m a j o r  p0 i t  i ‘ Ins of th e
aircraft miss ions  but w i t h  short te rra excurs ions  to 330° F at som e con-ne t ) O i f l t
conditions . The l i m i t i n g  operation tenipc i-atur e of s i l i c ’on  base e1c ( ’tO )ni ’ ‘n a  p ‘n~ a l
is 257° F 1 25° (‘ 1. The th(’ rma condi t ioning mus t  thus m a i n t a i n  tem pe t’ : I t uI ’n ’s
at or l~~low th i s  u r n  it to i’ the most  seve re condi t ions . Asst in i  ing the n ) a x i n ~ urn
torn pe rature ni sn’ of ‘5° I” lx ’ twrn ’ n the cold pta te and the e let ’ t ‘011 Ic I ’ t u I  I na li t ~
the l imit ing cold p late tern j x ’  r:itu rn ’ is then 2.52° F. I ‘nde r these - on d i t i  ms . the
the rrn oe he ctr i c  u n i t  m list be ca ~ :l hic of p~m p ing the he at load from the 252° I~ ‘ ‘oi l
plate to the :;30° I” p r im -v heat (‘NI-hange r. i .e. , against a 7s~ F’ :I dv ’ rs ’ tenh Ix’ratune
d i f f e rent ia l .

l” oi- long te rm r e l i a b i l i t y  of e lec t ron ic  com ponents , i t  5 I I I ’ S )  i ’ : ihle
that C ’Ofli ponent tern l~ ’ rature he nr a inta  m e d  substan t ia l  lv he low the 2 “~7° 1” 1 ni it
unde r normal  ope r a t i n g  ‘o n d i t i o j i s , A dn ’sig r n goa l of the pr oi ect  Was to m a i n t a i n
Com ponent tern 

~~
‘ ratu n-es he1a~ 1 70° F c , ) l ( 1 plate tt’iii peratu re 154 ’lo\ \ -  1 ( 5  I )  for

a fue l tern pe ratu re d 275° I” . l’h i s o:1 I requ i n -es that the the rm oelectr ic  uni t .  hc
designed to I)Ufll ~) the h - a t  load :tga i iist a 110° F ad ye i-se tern Pt’ ratu i’c” ( I I i F ’ i ’ n ’ nt  i : i l .
The malor heat load SOU ‘ce is the heat that  is t r ans fe  r rn ’ ( u  f i ’orn the ins ide ‘ove r t o
thc e lec t ron ic  ( ‘ I  ‘ ‘ I i  II. and ( ‘ ‘ 1 1 ( 1  p l:ik ’ . ‘l ’h i s loan ! va n i ( ’s  p r o l ) o l ’ t i o l r : l t k ’  Iv v. I t h  t h e

tern ~~ ra in i c  d i f f e r e n t i a l  1s t ”  ( ‘( ‘ 11 the ,‘o ld p la it ’ and the cove I’ W l l i I ’ l  i s  t ’sst ’ n t i ; I  I Ii
equa l to the f u i ’ l  t n ’ n l l x ” l ’ : tu l-t’ . [‘he ( l ( ’ s i g I l  c o n d i t i o n  thus r ( ’(IuiI ’( ’s the ( ‘ : I t I : ) b I I i t \
of purn~i u g  -In ’  - m u - c h ’ :I t  load iga inst  a 10 - high e r aIlve l’se tempt’ ralu ‘c I i  f li ’ ren
t ía! than a desIgn has( ’, ~ii IV Ofi f l i t )  in ta  in i n g  (0fl1 p )fi(’fit tenlIx’ ra tii i’’s lk ’lo\\  the
l imi t ing  ~‘a lu e . In i hi t i  ‘~ ;1 to t1i ~ ret i : i h j  l i t ~’ consi Ic ra t ion . the low e n  ~‘o i n p  i s ’ l l l
0 1K ” rating l iii p~ i’a l u t ’ , ’~ no v ide a i i  a rgi 11 t o  ac , ’oni  in stati ’ h(’a I s : i  I , ‘ d l  w nL ~
eng i n(’ ‘u n i t  ( l ( ) ’A ll .

IIw~ — ~~~~~~~~~~~~~~~~~~~~~ ‘ — -- -— ‘ .“. --—-
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Desig’n calculations we re made for the following conditions:

Ambient  a i r  tem pe rature 75Øft F
Am bi ent air velocity 50 ft/sec .
Cooling fue l temperature 275° F
Cooling fue l flow rate 100 lbs/hr .

The anal ytical heat balan ce was targeted fo r:

The rmoelectric cold plate tem peratu re 165~ F
Tem pe rature difference cold plate to fue l 110° F

The heat balance ana lysis based on the above inputs and design ta rgets
can be summarized as follows:

1 . Float Load to The rmoelectric Element

Gene rated heat -hy brid circuit  2 . 5 BTU hr
Radiate d & condu cted heat to cold plate 10 . 3 BTU “hr

TO TA L 12 . S BTU / hr

To meet design targets , this establishe s a re qu i rement that the
the rm oelectric unit meet a requirement of 110° F tem perature
di f fe rential w i t h  a 12. ~ BTU/hr heat pumping load .

2 . h eat Load to Primar y Exchange r

. Thermoelectric Pum p Load 12 . 8 BTU ‘hr
(Item 1 above )

Powe r to Thermoelectr ics 171. 0 BTU/hr

TOTA L 183 . 8 BTIJ/hr

This sets a i-equirernent for the primar y heat exchange r . With a design
flow of 100 lbs/h r of fue l , the fue l tempe~ n tune rise would be 3. 7~ F .

Float Load to Secondar y ileat Exchange r

Conduction from Inne r Cove r ~1 . 0 BTTJ hr
Conduction through base 121 0. 0 fl ’I ’I h r

TOTA L 1291.0 BTL T hr

‘l’his results  in 25 . 8° I” tem pe rature  rise in the secondar’ heat
exchange r. Fota l Fuel tern pe nature r i se  per ana ly s is is then 29 . 5° 1” .

lk ’t : i i ls oh ’ the k’sign ana l v s i s  tI l~~’ presente d in a l a te r  su l lh e a d in g  of
Section 111 .

2 -I
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‘ i’he L’st :t i id (l( ’sig~ :i na lv s i s ’arc compa red in the f o l l o w i n g  t : i I Ie .
Test data is tak en t’i nn the data used to l)lot I’S gu i’e 13.

Design Test
Loca tion in Module Es t imate  Results

Am bient 75( 1 750
Oute n- Co ver 713 750 - i ; ,so

Inne r Cove r 33)) 29 1)
The rm oelectric Uni t

Col d Plate 109 175
Hot Plate 279

h y b rid Electronics 174 1~~5
Tem pe rature d i f f e rence
Cold plate to p I ’ i n i a r v  heat exchange i- 110 9( 1
Fue l Inlet Tem pe ratu re 275 275
Cooli ng Fue l 1”low 100 lbs/hr 100 lhs hr
Fue l Discharge Tem pe rature 305

‘ I ’ d” st data tem pe ratu res not reliable . Locations we i’e such
that  radiated and conducte d heat resulted in erroneous -

‘

readings .

In general , the correlation between the theoretical  a n a ly s i s  and en i p i i ’ i ’ ’al
data is reasonable . The high measu re d ten r pcrature dro p of 10° I” hetw’n’e n the hybrid
electronics and the cold pla te m d  i ( ’a t , ’~ that the the rmal resistance be t ween these
eleme nts is twice the estimate d value .

3. TEST RESULTS

‘IS’ sts were run iv i th the uni t  ni ounted in an a i r  ch ani h e ’  iv ith I ’ !’ ‘ I ’

f low to obtain the test n c  lo(’ i t \ ’  of SI) It - ‘ui ’c . A h vd rogen hiurne r wi th  exhau st  gas
m ixed with  room tern I ic i : i  t oo’  a i n  Wa S used to 01)1,0 in the in odi,i he am hi p  nt t ,t ’ni I ~~‘ ra to ne
for testing. The module was ins t rumente d wi th  thermocouples mi s shown in
F’igu re 9. ‘I’he the t’111(X’ lectr i c ’s  we re m :i it0 :i iiu’d at S amps during the U’ ‘~I -

,\ photograph of the test cqui pmc’nt shoiving the h~’ i Ii’ ogeir burner is gin ( ‘ I i  in l”igi i ‘ I. ’ 1~ .

‘l e st  ( ‘i ) i i ) l l t i s iS Was  ()fl the lugh t ( ’In l) el ’aturc fuel and air  conditions. ‘l ’he
cool ing fuel t c-nn l)ei ’atu I I ’  was  sn -I ini t ia lly to ISO ° 1” annl the ambient  i i i ’  (a i r  blown
las t the fl lO ( lU le )  was  mci-eased in St l’ 10.  t o 7:50° 1” . At each It -s t  point , ( L i l O  WOS I i i I ? t I ~~i ’  c i

unti l  thermocouple i’ n ’ : i i i i nc .s st ali i l izenl :111 ( 1 tht ’n the data was i’ ’c ‘i’dt’d. sl il i i i  ,‘, : t  ( i n

was reached in about t i r  ‘cc (~ ) minutes .  ‘l’hc i’en ’~ l ’ I l e l t . e i i ’pe i ’ :n tmi  i ’~ ‘ -  a o’ sl i ,  ‘Ii i i  in
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Figure 11 i ’ l L ’  these U ’ st5 . It is sen-n that  the PC boa i’d t ‘ifl pe r ature i ncr e a se s only

about 3-5° 1’ for :~ 7 ( i )  c i” Inc n-en-c in the ambient  a i r  tern pe ratu re . ‘[‘his ( l en )) onst na U ’s

the effectiveness -d the thn’ rnial shield provided by the double cove!’ ai’ 1’ : I I I - 4 ( ’ t 1 ( ’n t .

‘lS ’s ( s n i t ’  i’ ’ a l s  ~ rUII in which the aml)ieflt air temhx’ natu re in ’s held

at 750° F and the fuel ~c ic i cl’ :i1ILi’ e varied in steps of 50° F to a n i a x i m un i  of ( 1) 0 ° I ’ .
The results giv en  in I” i g ’u re 15 shows that  the tenrpe ratu t-e of the etccti-onn’s

inc reases in a r n : ’  i - Iv  ‘ O ) t ’ — t I  1— In c re la t ionsh ip  wi th  fuel temperatu re inc i~~~’;e -
as would be expected . The etc c’t ronic c i rCui t s  ran ~() to 90° F Poo len than th in’ t ’nt & ’ i- ing
fue l tern pe n-atur e . ‘l’he PC lu u t  rd and cold p late t empera tu re s  we re ni en su red at the
edge since it nva s not p ‘ssible to lu aU ’ the rm o’,’ouplc s elseiv hc re . The tern pt n -atu r es
shoivn on the cu rve.s t ’ u. these locat ions a re as much as 50° F Ii ighe r than at tiìt ’
cente r of these rn cm be rs .

N tc t iia t rn l” igu re 15 the the i’m Oc()UI ) he locations t i re  iii a rked on the
curve . On the  inne t- c ’ )ve r the ten ipe rature grad ient is such that tern pc t -atu re
decrease s as the : tn ch -  ‘i’ point to the secondary  heat exchange r is app n ’ sI c ’ heni .
0 r ient ’ati Ofl I I f  the ni Ic r c ne  r the rm oc-ouple was such that .5 was on the t i 1)st rca ii i

sid e of the c we r ann i ~:; ~s Ii’) I_he ij ownstreani side of the cove r~ The the rut ~ ‘ u l Ilt’

directly In the L I I I  g i v e  thii’ lowest 1- n- t i l li ng.

3. 1 . I n i t i a l  ‘[‘~ st i i ,~~

The f i r - I  set ‘ I t ’ test d :t t : ,  is shown on c ’u rvi’s of l”igure s 10 and 17
w i t h  some ~ i ~- - - i n  I t e s t s  shown on t he curve of Figure 15.

The 5 U f l  I ’ pi’ocd ’I In i-c and sequn ’ni -n ’ - in-as used as k’ s ’ i ’ i I  s’ I to n  the s n’  n I
t f i n al  I t est  set al  n ’a ,l i’  i i s ’ t i s s e d .

S& ’v ~ n’ :il minor hardivare modifications ivi’ i’ t’ found to be l l n’ ( ’ t ’ss:l I ’\  1i ’~’ i:
thes e initial te ~- 1  i ’ e su lt s .  ‘I’hese changes wei’e made w’hii’h })rO\’ided signil ’i t ’a i r t
pt- i- fun ’ f i l t If lec i i i )  }) 1 ’ Oi ’ I’ill ents .

‘l In e dil ’I’ci’cncc is clearly indicate d by compa rin g Fig-u I I’S 17 tonI
15. In the Ii i- st t -~~t i t , t em l ln ’  natu res are higher at afl locati ons; the I . I ’ . c ‘I
Plate nv :Is withi n 1 11 0 I- ’ of the inlet cooling fuel te i l l t ) era tu re , :n nn l the ( ‘ ( 11 ( 1 i l t i  It ’ h an l
r n-a ched a h - l i l t - i  t In i’e i i  2 11 1 0 1” at lii ’ 250 0 F’ cooling fuel teinperatui’e.
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The shin n i l  ii (‘I’(_’a st in i 1111c r 1, ’ i i ’~ i’ tent It ’ i- : itu cc , the re ne  r ,sa I in tern I )C n i t  —

tu ne grad ien t  be tween the t i p  tI ~i l s i , l n ’  of t h ~ - 1 11111’ r - ‘un -em’ , and iii , ’ inn e i- c o n e  i’ ~~‘ lug
signi l ’iea nth’ ahovl’  ( l it ’ c ool ing fue l tt’fl1~~e ‘sLit m ’ c’ \n’ c l-c inconsist ent with  the (h ’ s igml
ana ly sis .

Exam inatt oii of the t~l( ’ rut t i l  Iv  cowl itio iicd nu odu lc and the test set up
indicate d two a t’eas which needed rn - l~ I ‘ ‘a t io n . 1-i rst a r i sc ’  I wit s used at tIIL’ top
of the dom e to fa ste n the i nnv’ i- and oute r (‘ 1) 5 1, ’ i’s t tgethe r . I ’his in ns  removed as
be i ng s t ructu a l lv  unncccssa r and a sourc e II heat h o w  to the inne r cone 1’.

Se -owl , i t  had been assumed in the design analysis that the inne r cove n’
was  the r r n a l l v  anchicus ’ i to the sc ’oml I : Il’\ heat  cxc ’l l :I nge l’ _ As  designed and tested
it was obvious tilt ’) I the inne i’ cu’, i t- wiie i c  it exte nded fi ’oni the sick ’ of the sd ’cufl dt l  i’V
heat exchange r was exposed to the di  i-eel, ant  h ien t  a i  i vcloc Iv . ‘[‘his area is noted
on I”igu re 3—3 as a c r i t i c a l  a rea . As t h i s  n i -c :  of th n ’ i nner c ove r is readil protected
and assumed protected in t i n ’  (k ’s ign ann I v s i  ~ l . a sirn p 1c test b a l t i c  inns  made to

provide ii th-:i d a: r sp:R’e Is tn\ ’ I ‘en t h i s  ci ’i t i ca  1 ti i’e:I and the t ini  h ief l t . ‘I’h is 1st I’fle
also shielded the Ioni c r s u i ’ I : i ’ I ’  0 thn ’ s l ’ c ’ I I nd : I ry he at  d ’ x ( ’ h i : I n g I ’  n’ , The shie lding of
the ,sccondat-~ heat exc ’iami g’c’I’ s i m ’ e i ! i  - o i l s  e f f e c t  the fue l tcnipe i-ntu i’c I’ise th i ’ough
the secondary heat ex ch amic ~ ’ C ; ti l l ’  I I  ‘ I ’ ’ re , the t~e ni ‘u Id be l i t t le  or no e l ied.  on the
cooling I f the hybr id  (‘ircw t. It i :~ :i ls ‘ i i  ted l O s t  this s u r f a c e  cou ld be shielded
in an actual  insta l la t ion  in ti  s m n t , i  In ‘ n t u iw-

‘j’ IR’  scc’ md set - ‘ I  l , , i  a -ci i -  ‘‘,c ’ n and p ’
~~

- i , im ,msl\ - discussed  I 01-I J i g - u i ’ es 14 and
15 inns  then run W i t t  ‘ ‘s i i  I t s  s i g n i  f i c : m t n l ’ , ’  l o t t e  i’ and n’cr\ ’ nea i the de s i g’n ,I ii ,’c ’tiv e t-c .

3 .3.2 .  ‘ I’ ii ’ c i i ’ o ’ l ’ , ’ t  -n ’s I ’ scIl as l i s t en ’ s -

‘l ’ I lI ’ hs I , i ’ i l  t i  ‘ I i  I t  ivas ( I I ’ S ’  L t il ( ’d i i i  S i t ’  ‘h a n ianne  i’ tha t  the the rnm~ —

e lt ’ c ’t i’ ies (‘0(11(1 III ’ used I s  a hn’~ , ,  ‘ i’. [‘hi’ s i t ’~ ‘ii it . is ( I i s ’ u s s e d  in  othn ’ i’ si lt Ills

l i t  th i s  repo rt . lIe ‘i ’  i t is unIv 11 0 1 1  tha t  the th i ’ i ’iii i s t c) r  which inns located in the
hybrid  PtI ’1s:~~( ’ in’ :i s m t s , ’ I is :111 nd ‘ t i  t o t ’  I sin i t ch  th(’ the rnux’lecti’m c’s flolil cooling 

—

to h e a t i n g .  I 1 n i o r  ( ‘ I  t l u t ’  s t a i ’ l  i t  ti l e first Il - st ‘- I l  is shown on c ur s e s  of l-’ig’ui’e s
16 ~~ I 17 - t h i i  ‘ hI ’: I t  1i~ I I  r t i ’  in ‘ ‘ I  l i i ’ ‘ - i t ’ - ‘ m t i t  \ n t t  s ( l i s a  bled :i s  t i l l ’  t~ st i- i l )  p lì t i s is
w’~n s to Ix ’ on t h -  ‘ ‘ 1 ) 1 1 1  lug ‘ ‘:110 In l i t ’ - - - I t  the h ’ s  go ,



1

It was not unti l the second test set that the the mi istur ivti s (‘tu b rated
and read out Ofl the instrument ation . The refore , no tenh l)eratul’cs inside the h v i ) r i ( I
package were obtaine d during the f i rs t  test set .

Son-Ic testing of the unit  was done with  heating c i  n-cu it i~~~~ ’ i ’a t i v c  and
results arc shown Ofl the curve of Figure 18. The data points at —4 l ) ° F and ()~~ [ ‘ I n  ‘ I
clearly indicated the effectiveness the thet ’iiuoelectn ic el3ments as ii h lL ’ :n td ’ r .

Probabl y the most interesting test po int is that shown with  33( 1° 1” I’ue l  and
ambient surrounding the module . At this test condition , the thei’i u , ov ’l t ’c tnic  e le iuicnts

were in cooling mode. The cold plate tempcratu i’e is at 245°F.

This test point emphasizes the “re ve rse heat transfen- eha r a r t e m - i s t i ’ s
of the device . That is , the inne r and outer covers form a bar r ie r  to heat t rans i t - c
regardless of whethe r the high tem pe rature is fuel inside the heat exchange i-s 01’
high ambient tempe ratures outside . It can be seen from this test l X ) m t . thc’ ‘‘ c oo l ing ’’
fuel is a heat sour r e and the inner cover is being cooled by heat flow to the oute r
cove r and ambient .

In Figui’e in the curves :u i’e not inte rpolate d between the heating
mode test data at —{ ()0 F and 0~ F fuel tern pe ratu re , and the coo l i rig m ode test  data
at 3300 F fuel tem peratu re.
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3• -I . THE RNAL ANA LYSIS

The the rmal  analy sis  pe rt ’orn ’i od on the modu le was ba sed upon the

the rmal model shown in E ’igure 19. This is a line ar analog mode ! in whi ’h

the rmal resistance are ~-epre sente d by e l ec t r i ca l  resistance and teni pe ra In in ’s t i m _ i ’

represented i~y voltage levels . ‘rhe the rmal resistances identif ied in the s i f l u I~~it i i i

model of Figure 19 t in actually lum ped pa rallel and series restrictors t i m ’  the

various heat t ran sfe r mechanism s that occur be tween the tern inc ratu i-e po ints show i i .

The the rm oelectric heat pump is simulate d by a batte r with its pot ent ia l  and t s~i i - t n

matche d to the expected pe n- fo nmance of the the rm oelectric unit . The air b lent  and

entering fuel tempe rature lt - n-’els are simulate d by appro priate vo lta ge sources
and the electri c -al  power dissipation in the hybrid c i rcu i t  and the rnioc lectr ics  t i r e
simulated by appropriate current gene rato rs . The “Supe r Sceptre ” c i r c u i t  : in a lv s i s

computer program was used to compute tem peratu res at various 10 :11 ins w i t h i n
the modu le and the corresponding heat tr ansfe r rate s between these loca t ions .
Input and bounda ry cond itions used Ion’ the analysis are as follow ’s:

Ambient Tem pe ra tu re 7500 F
Inle t Fue l Temperatu re 27 5° F’
Ambient  A i r  Velocit y 50 f t ’ sec .
Cooling Fuel Flow Rate 100 lbs hi- .
The rm oelectric Ten p. Po te ntial 110° F
Power Dissipation in Hy brid Cir cui t  (Q~~l 2 . 5 I3TU hi .
Powe r Dissipat ion in The rmoelectric

I ’n it  (Qot  171 B ’l ’t’ ‘hr
The i’i,ioclect nic ( ‘ urrent S Amps

The tem peratu re s o feachmernb e r of the module is represented by a

discrete P oint tem pe ratu re svh ich is intended to represent the ave rage temix’rtitu l~’

of that membe r . ‘I’he C l l c u l a t i O f l s  for the var ious  the rmal resis tances lx’twi ’en the

tem pe rature points are g i ven i n the following subsections . The notat iona l dt ) f l

vention used is as follows:

1 - The heat flow (B’l ’t hi ’ I between a point ‘‘n ’’ at tern pe r:I tu i- i’ ,

T~ , and ti ~ () j u t  ‘‘Ill ‘ ‘ at teniu t~’ ratu re , ‘I’rn , is Icn I tn I I

2 . The the m m !  i- i ’s is t~nnre  (
0 F’ Wl ’t ’  h i - t  be tween the se s a n t o ’

poin ts  is denoted R n— n .

3. The t ’e I n ti onsh ip between ~ —
~~~~ 

I1~ —m ‘ 
‘1’m and “n ~ t iii ‘ii:

— 1 nu Q~ x U 1, -am



— -
~~~~:~

- - - - - -‘-- - — -- --
~~~
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3. 4. 1. Ambient Heat Transfe r (R A , 1  and R A 3 )

The ambient heat transfe r to exterior surfaces of the module is prima ril v
due to forced convection . In the Reynold ’s numbe r range from 25 to 100 , 000 , the
equation recommended by the Adams1 for calculating the heat trans fe r coefficient .
h , for spherical shap ed bodies is

hA = . 37 IK D(P~~~~) ,

n~’he re

K -- = the rmal conduct ivi ty  of air (. 0277 BTU/ft hr ° F ) ,

D = e ffective diamete r of module (. 3 I t),

p = anh l)ieflt air density (. 0 328 lbs / ft 3 ) ,

= ambient a i r  i’e l~~~ity (50 f t /see ) ,

= clynanm ie viscosity of a i r  (2 .15 x io~~ lb ft seo’ .

The Reynolds No . (p v P  ~~) is equal to 22 , ~S3 and the heat transfe i- , h \ -

is equal to 14 . 1 U ’I ’t ft 2 hr F .

The oute r cove i’ has a surface a i-c a - A 1 , of , 1 ~ t’t 2 and the me rim a I n~ Ic r
of the rn i~~ule has tin exposed sii  i-lace a rca , A :~ - of . 19 ft 2 . The the i-m a I resistance
RA —1 and R A .~ are then:

1 “ ( 1 0  - - ‘ ‘ ‘ I -i-i~~ _1 • , . ~ I- B I I  ii

R 
~ 

1 
. 373 ° 1’ 13 ’ l ’ ( ’  hr .

- hA A ’t

3_ I . 2 . Ilcat ‘I’ n — a n s m i s s i o n  to Inne r ( ‘ovi- r  (R 1 _2 1

The h tm t 1 1 : 1  n s i l  i sst  on Ix ’twe( ’n the outo ’ u- and j un e i ‘ ne r is due I ‘ u t  l i i c  —

ti on and r a d i a t i on  t i c  i ’ e.s I he tt i n  gap lx’tnvc -n them . l’he the rmt i l  in ’  ~- ta li t ’  , ~~~~

is equ l  i t t  k- nt to , ma r t i l  I t ’ I conduct ion and r a d i t i t i o n  ne s ist a n ( ’es , I l~j ‘ . mu d U 1 _ - I~~~.

‘~~l I ’Aml tiins , h i - a t  I’ r t m n s i u m i s s ’ m m o . 3r d eu . Nm ’ ni  \ m - L : \l -( m ’ t m i v — l h i l l  l~-~~ds Co . - i a ’ . .

3

- - - _ _
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re spect iv e ly , ‘[‘he conduction resistance is dete mm m e d  fr ont the equation

(R 1_ 2 ) ~- I ,  K A2 ,

in he cc

K the rmal conduc t iv ity  of a i r  in the gap . 02 B’l’U ft hr 0

= surface are a 1)1 inne r c’oi’e r ~~~~~ ft 2 .

I - a ir  gap thic h~ness (. 0125 ft ) .

The conduction resistance , (R 1 9 I c is then -1 . ~s° F BTI ’ hr . The

radiation resistance is established by l inea r i z ing  the rad iation equation about the
a pproximate tempe nature s ot the oute r cove r , T1 — 11~~3° R , an d the inne r (‘ I)\ ’(’ I’ ,

7 ma I ° fl. ‘[‘he radia t ion  equation is:

~~1_2 m r ~~~~
(-

~~~
‘ ~\ 2 ( ’l’~~ 

- = 

~“i - F 2 t  / (111 2 ~I~,

iv here

SVfan — Uoltzmann constant (.173 x ~~~~ f l u ,  t’t2 hr ° l~~

Fe = the (‘lilmisivity t a cto r ~_ (( -1 ) ,

i ime r cove r surface area I . 12~ ft~~,

‘[‘he macl i i t  ti on i-es i sLm t’io ’n’ tu mm is theru

Ri _ ‘O~ - 
- I’ 1I 

- 
— :;o~ 3° 1” B’I’U h r

(yj- ( ’ - \ 2 1 [‘ I i — 1 2

‘[‘he ‘~~~‘ ford-

R i -
~~ 1 / u h t 1 u~ , ~ ~~~~ -2 1 r 

1 . 2° I fl’FI hr

:;~

_ _  _



Using approximate value s of T9 - 760° It , and T5 — 625° R , iv i- have

1-5 . 1; F’ ‘13 F L ’  Fir ,

and

(It 2_ 5) r 1~~7 ° F - ‘13’rI~ -‘hr .

The no fo m,-e ,

R 2_ 5 = 1-1 . 4 ° F- - ’ 13T1’Jhr

The the rmal  resistance between the inne r cove r and region of the p n i n u : I  i -v
heat exchange r ar e calculated in s imilar  manne r , using an approximate  v a lue  for
T6 of 735° R to yie ld

( R-, 
~~ 

l~, 15 . 6° 1” - UTU F i n ’ ,

(1t 2_& r = 135° F’ 13’I’t’ hi’ ,

and finally

1- 1 . 0 .

For that  portion of time inne i- u ’ lid ’ r heat flow that conducts through
metal down to the secondary heat exchange r , Q9~~3, it is necessary to specify an
e ffective conduction length . l-’rom the I ) h y Si c ’al arrangen ment , this length is e s t i n o t i t t ’ d
as 1 inch .

Beside the n - i-si stance produced by the meta l cove r, the i-c is t in  I rite i- —

face resistance between the infld ’ i~ en i-c i- I i :m s c  and the heat exchange r . l’ii is res 151:1 u n -
is assumed to be equiva len t  to that ol an :mi n gap . ( ( ( ( ‘ 1 5  inch thick . The r e s i s t :m n o ’t’

~ 2 —3 is then the sum:

R 2 — %  ~~~ :~) nue ta l 4 ( l l ’ ’ ; intv, ’faci ,’ , S

iv he in ’

/ I. ‘
\ . 0M33

( R - ’ ,_ ’~
( mi ’t :i l  — meL-ti . ~~~~;° V - B ’I ’ I’ l h n ~-‘ - 1 20 x . ( ( ( ( S 

~~~~~~~~ _ _ _ _~~~~~~_ _ I  - - -~~~~~~~~~~ -~~~~~ -~~~~~~~~~~~~ - J
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I

h eat Tr:ins fe r fron t  Inner Cove r to the Cold Plate, the Prima n Ile:mt
Exchange r and the Sec’onda my I leat Exchange r (R 9 

~
, H 9 ,_

~
• .  and H9 — :~

Part of tile lie at that ent,c’ i-s the i nne r cove r is transfe i red by conduction
and r t u l  iation to ) the region 0)1 the hybr id  circuit and cold plate, pa rt b~’ conduction
and mad iat Ori to) the rcg i in of the prim a rv heat exchange i and the remainde r is
eon ductk -mI through the innc 1’ co n- e’ i metal  to the seconda nv heat exc hange n ’ . The
heat b:t lance &‘qua ti Ofl t o m . the i nner cove i is then:

— 2  Q2 — s  (22 — I ; ‘ Q~ — a

iv he me

Q 2 — 5  = 
~~~ 

— h ’
~~~~I R _5 = ( I ’  — l 5 ( ( 144H 2_ 5) c ~

( I ’ - , — 1’~; R ’t _~; ( 1 ’ ’, — l’G I(l i t2~~fl )(.

and

1 2  - 1’ . , I  R1 _ a .

Half  of the ~u n t ~ncc- ot the tine r c’ ne  i t in ns le n’ s heat ac ross the inne i- :i i  r gtm p - of
thickness . 2-I inche s, to the u ’old j)l Itk’ region. The (R9 5) c’ and ( R 2 _ 5 i 1.
t-csistances ti ri- theru

(R 2 _ ,5 ( , - l~/. S ls~A-

~ I’ 2 —

( in > -5 1 i- 
~ I-c  A 2 ( F , ~ -

i- i ’

L a i r  g t m p  thickness ( . 02 ft)

a i r  g : m j m  the nuti I conductivi ty (( 2 B T I T It hr °

A 2  inne r con-c n~ sur face : i i n - : m  1. 12S It 2 )

- ‘ — ‘ “S ~~~~a St-i’ t an B olt zni an constant ~. 1 i - ) x 1( 1 II I I  - I t ” I’m n- U

I -c i ’ f l i i i i i u - u i i i l \  t t m u ’ t o r  I . ( ( - ~~~

-In



(R 2 3 ) air gap = (
~~

) air gap = = .076°F/BTI’-h r

and

It 2~~ - . 1(;2° F “ BTU ‘hr

3~4~4~ Heat ‘Fransfe r from h y brid Cit - cuit to Cold Plate (R 4 5 )

Heat gene rate d by elements in the hybrid circuit  is,transferred by con-
duction to the PC board , through the board and across the inte r face to the cold
plate . The ave rage e ffective resistan ce of the path from the e lements to the cold
plate was calculated at 2 . 0 OF , 13 T1 1/ l ’m r

3 . 4 . -s. Fue l Temperature Rise Primary Heat Exchange r (H e _ F )

The heat balance equation for the primary heat exchange r is:

Q
~ -F = W 1 C 1~ (T~ - TF)

who re

= fue l flow rate (100 lbs/hr)

C 1~ fuel sp eci f ic  heat ( . 5  BTU “lb ~ F)

It follows tha to

H6 ~~~~
. 1 ‘W I C 1 - .02° l-’ ’ I3TU ‘hr

3. 4 . 6 . Fuel Tem perature Rise Seconda ry h eat Exchange r ( l t 3_ F )

The heat na lance equat ion for the secondary heat exchange r is:

~2 a— ~ ’ W f C 1 1 ( ‘l’l —

ii he i-c

— F’ — 1 

~ A — 3 ~ 
(2

As Ix ’ fonu ’

1 \V f (~~~ . 02° I” B l ’t ’  - h r .

41 
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3. 4 . 7 . The rm a A n a I \ - s i s  flesults

The “Su ’k- r Sc ’ptix’ ef tc u i t  ana ly s is  computer program was used to
c i  leu late tern pc i - tutu 1_ c’s and heat flow quantities of the nodal points of the the rmal s im u —

s imulat ion mode! . ‘Fhe input to) the program included:

1. Ci rcu i t  de f in i t ion  shown in Figure 19.

2 . Boundary condit ions defined in Subsection 3.4

3. The rmal resistance values calculated in Subsection 3.4. 1
through 3.4.6.

‘rho following tem pe rature s and heat flow quantities were calculated:

1. ‘rempc i-a tu re s

Outc r- Cov e r T1 — —  713° F
Inner Cover ‘r9 —— 318° 1”
l lvbn’ id  C i r c u i t  ‘F,1 —— 174° 1-’
Cold Plate ‘I’s —— 169° F
Prim a ry hl . E . T(; —— 279° F
Secondary 11. E .  T~3 —- 305° F

2. h eat l”lows

Ambient to out -ei- c’ n ’c’ “ (Q~ —1 —— 94 BTU hr
Ambien t t ) ut-he m- c’xt k’ i’ior surfaces QA 3) —— 1210 Bl’U hr

) ute i’ cove r to i nine i d oV I ’  i ((~~ — 2~ 
—— 94 BTU i’m i-

Inni’ n c ove r to cold I)latt ’ ( ( 12  _~~ ( —— 10 . 3 B ’I’U hi-
Inne r cove r to prim a i-v ii . E . (Q 2_ 1 ; ’) — —  2 7 BTI,T h t~
Inner c-ove n’ to secc )nutti ~ II . l~ ~~2 —3 ~ 

—— si BTF’ hr
P rin t  a my ii . i: . load 

~
Q(; F’~ 

—— 1S7 I3TU hi-
Seconda m ’ I I .  l’ . load ( (2~ — 

~~
‘ 

— Q1; l ’~ 
—— 1 291 13’l’U hti

The the cnn ot ’ lee Irk ’  h( ’a t 10:1 (1 is the sum of the (2 2 
~ 

and the he at ~~‘ nie rated
In ’ u - l t ’ - t i ’ i ’ - : i l  powe l- d i s s i p a t i o n  in the hybrid c i r c - u i t ,

I I I . - 2 . 5 11 . 5 n f l ’  hi- .

- - 
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J



3 . 5 . HEAT E X C I I A N G E I t  DESIGN

A pre l imina ry model for this application was designed and constructe d
for the purpose of obtaining test data corre la t ion  wi th  the c ’:m leulate d resul t_ s.
Studies showed that a la rge sum fa -e are a is requ i t-ed to transfe r the heat i i i  th a
small tempo ma tu re c l i f f e  i - cn t i a l  lx ’twecn the wa l l  and the fue l . This require s smal l
channe ls . To obtain r e:m so:i:ili l e pressu re losses , the sn t a ll  c-hannels are in paral lel .

The heat exchange r designs are shown in Figu re s 11 and 12. In the
primary heat exchanger ‘l), heat flow enters at the oute r dia m ete r of three
pa rallel 0 . 020 x 0. 125 inch paths and flows through the spiral to the centc i- and the n
back out to the oute r diamete r through three more paral lel spi ra l pa ths . In the
secondar y heat exchange i- (‘~2) , the ftne l enters at the inne r d iamete r  and f lows out
throug h a three—path spira l and back through a three -pa th spiral to the inne r diamete r .
These heat exchange n-s t ir e  constru cted by d i f f i,ns ion bonding etche d a luminum plates
to form the monoli thic  heat exchange r package s. ‘Fhe re spective dimensions  of heat
exchangers #1 and ~‘2 a re 13. 3 and 26 inches of channe l length and 0. 179 and 0. 301
square feet of transfe r surf ace area .

3.5.1. Primary Heat Exchange r

The heat load i nto the primary heat c’xchange r from Sectio ’-i 3.’l . 7 is
157 BTU ‘hr at 100 lbs hi- fue l flow and fue l spec i f ic  heat of 0. 5 BTI ’ lb~ h - . This
would raise the fuel tern pc mature on lv 3 . 7° I” .

A computa t ion  n n t m s  made to determine if the temperatu re diffe rence
from the wall  to fue l tom pe nature was sign i ficant . Heat transfe r from the i n t i  11
t emp era tu re  Vt fue l teni pe t-atu re can hc dete rmined as follows:

q = h A ~~~~I’

nv he me

A c’hanne l surface  area (.1~ -I ft 2
~

q I ’ ’ : i t  t r ans fe r re d BTl~ h i

= 1) 1 1k- I’m-nec — — w a i l  to fuel tem pe rature ° F

I

~

- - --- --- - ~~~~~~~~~ - --~~~
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‘l’he heat t n-ans fe r ‘ oc ’ f t i c -  ient for turbulent channe l flow is given by
the equation .

I-I = 0.023 lc( ft,~ ~ ~~~~ ~

h = heat t i ’ :mnsfe r coc’ i l k ’  ient BTt ’  hi’ ft 2 F

N the rmal  ‘ oi n c luic ’ i i n i t v  . (( 7 I3TU tin - ft ~ 1-’

D11 
= l-Iydraulic d ia m ete r

Hydraulic diamete r

4 (cross section , ft 2 ) Perimeter

D11 0. 03-1 i n or 0 . (( 0 2 S ft .

V \‘c locity t’t ; sc’c.

This is t tuo nd to Ix~ 12. 9 It sec~ for 100 lbs hr flowing through three( 11 ( 2  I sq. in . pa m Ild channels, i~ e . , V = lbs - ‘u n x ft3 ~lbs x hr/sec.

1~= Reynolds N urn he n’

H0 P ~‘~~h1 I-~

p = (I n amic  v i s c o s i t y  1. 5-1 x 1(( 4 lbs ft sec .

P = densit y -13 lb s ft 2 2 15 ° F fuel )

I 
~~ , i i

P 1- Pr:i ndt i  N u iu i l ) e n

= :~m ; ( I ( (  
H~ 

p K

C , sj ~ ’ci I’ie heat of fue l = 0. 5 BTU ‘lbs ° I”

K the rmal conductivity = . 07 UT !’ hr  ft ° F

M dvnam ic v i s c osi ty  1. 84 x 10~~ 11) ft sec

l~~. -1 . 7 1

-1 1



-
,

and

h = 1470 I3TU ft 2 hr  F .

Solving i~ 
= ii A ~ T for ~ T

= 1~~7/ ( 1-l70 x . 1~’-I = 0. 70° F.

This small  mean tem pe ratu re diffe rent of - 7° F between the fue l and the
heat exchange r wall  as compare d to the 3 . 7° F tem peratu re rise of fuel through
the heat exchange r means that the heat exchange r surface tem peratu re is essential ly
equal to the tempe rature of the fuel leaving the unit .

3. 5. 2. Second a ry Ileat Exchange r

A similar procedure was used to calculate the seconda ry heat seconda ry
heat exchange r . Thd f ina l  configuration can be traced ivith a sample calculat ion .

The flow ft-urn the wall to the fuel is computed in the same manne r that
the prim a n’y heat exchange r was i l lustrated in Section 3. 5. 1.

= ii A ~ T

h eat flo’mv f , oni ivahl  to fuel . This was found to be 1291 fl ’FU hi -
in 3. 3.7.

h heat transfe r coe fficient = 1470 WIT , ft 2 hr F (see 3. 5. 1)

A = are a of channel walls in seconda ry heat exchange r (. 3 ft 2 )

= ‘W - T 1,-

is  a gai n the wall tem pera ture

T 
~
,- Fue I tern ix’ ni ture

Solving for ~ ‘I’

AT = 

~1\\ ’ -h” hA 1291 1 - 1 7 ( 1  x ~3 2 , 9° 1”

‘I’his sat a l l  A ‘1’ of 2 . 9° F as c-oni pa i-e d to the fine I tern lx’ i-at tn me ml se of
25 . 5° F indi cates that  the heat exchange r wall tent  pe rat -u me w i l l  he nen n y  equa l to
the leavin g fuel  tempera tim re .

1_ i



UI’

lleat Exchange r Pressure Losses

To dete rmine the pressure loss through the channeling, the fo rmula

AP P-~— (f -
~~~

- - + K)

~ P = Piessure di-op thxu the channels lbs/ ft 2

p density of fuel in lbs - ft 2 (43 at 275° F)

Velocit y (12. 9 it ‘sec previously determined)

L I )  Ratio of channel length to diamete r

f = f r ic t ion factor

K = turning , entrance and exit loss coefficient

The I~ I) rat -to i s  ~ss fun’ the t r im ac~ heat cxchan 3 e r and 152( 1 for the
secondar y heat exchange r.

L~ D 588 + 1320 — 2 - los

The coe f f i c i en t  K is comprised of the following:

K1 - entranc e loss = 1 . 5

K2 c ’xit loss . S

1 r igh t  angle bend losses (S bends) 12 . 2

he l i x  turning losse s - I s

K 1. 5~~~. S - 12 . 2 u - I s  62 . 2

‘[‘he fr i  et ion facto  n’ pet- pi e h o w  cu i’ve s is . (14 . The tota l p n-e s st i r(’
loss is then:

A P . 77 . ( ( - I  x 2- l Os ( 2 . 2 ) 122 l) s id .

Md ’:n Sti r ( ’(l lim’ (’sslii - (- Im)ss(’s showed 13( 1 psI f rom if lk ’t  to mii i  le t  -~~~ the
two heat u ’x o ’h: in gu ’  i’s .
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3. 6 . VI I!RA ‘FI( )N ‘I’E S I’S

V ib i - a t ion  tests ‘~-c re run to find character is t ics  an d an~- resonant fre —
quencies . I” ig-u t-e 19 shows a photograph of the unit mounted on the vi b rato i- .
As shown in the photograph , the adapte r to mount the module to the v ibra tor  table
was designed so that the module would fit down inside the f ixture to s i m u l a ted
p roposed mount in g on the engine . It can also be mounted as shown in the l)hoto .

The un i t  is provided with the rmal insulating mounting washers which
also act as a shock mount  for the unit . Test conditions inc luded:

• il :ii’d mounting of the module to the vibra tor . The
the rmal  insulators  \n’e me not used .

• j s o I - , t _ ’ d  r e o u nt i n c  of th~ m o du l e  to the v i b r a t o r
w i t h  th~- r n ia l  i n s u l a t o r s  in s ta l led.

• ‘Fests at 5 and 20 g inputs from 50 to 5800 Hz .

• Modu le mounted with a test ring replacing the inne r and
outer cove rs to a llow observation of the hybrid pa ckage
cove r .

The test data shown in the attached figui-e is fo t- v ibra t ion  in plant ’  — - 1
defined as vibration along the a xis of the electr ical  connec tor centerline .

‘rhis plane is pe rp endicular to the PC board and h brid sub s tmt t ’  and
represents the most se”e re condition for the electronics . Plane s it 2 and i~2 we re
scanne d with no sigiiifieant resonant points (as compa red to plane ‘ 1 )  and no t i-ti es
are inc luded in this repor t .

No prob lems ~\-c re encoun te i-ed with the electronics during an y of f l i t ’
vibration testing .

The the rmal  i so l a t or s  we r ’  made f rom a f ln i o r o s i lj c o n ,-
e la s to rn e r and cons i s t ed  of - m Sl&-c ’ve bushing between two flat w:i she rs is
shown in I- ’ i g i i  re 10. The i s o l a t o r  a! so can be see a i n  I- ’i go re 2 ( 1. 
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3. 6. 1. Flard Mounted Vibration Tests

The init ial  test was run wi th  a ring i-eplacing the inne r and ! outt ’ m - covc ’rs
to hold the assembl y togethe r and allow an accele rometer to be placed on the hy br id
cove r (position 13 Figure 9) and the PC boa rd (position 14 Figure 9).

It was assumed and late r demonstrated that this mounting would gu i’
the greatest vibration load on the hy brid package . The test results are shown
on Figure 21.

The note “connector down ” indicates the modu le was mounte d as shown
in the photograph of Figure 20. (Bitt c ove rs are renion-ed .

The output G forces arc shown on the curve . The amplif icat ion factor
at resonance is 25 , The curves are displaced with  both traces sta rting at ze ro .
“G’s ” at less than 51) lIz . The lowe r resonance of the hybrid cove t- is caused by
the weight of the accele romete r being sign ificant with resp ect to the cove t’ thickness.

‘rite important p )int in these tests was that the hybrid c i r c u i t  was not
damaged by the exposure to bette r than 125 C ’ s for the short per iod of the test.

It was lielieved that the high Q (ampl i f i ca t ion  fact -on ‘n t i s  the result
of a spring rate of the m ounting plate between the th n-e e equa l spa t ~‘( l m ou n t i n g  
To dete rm ine if ’ this inas  the case , the covers were  assembled on the uni t  and
acceleromete rs placed at l)ositiOfl 2-1 ~re fe rence Figure 9) on the m o u n t i n g  l ) l a tm,’
of the assembly and on the outer cove r at position 23 (re k’rence l-’ig ure 9).

The module i~’a s ni ount ccl W ith the ‘‘conne r-to r up . ‘ Re f e r m i  ng t ~)hotog n -- n ph
of 1”i gu re 20 , this places the cove n down inside the test adapte r -i upside down
(normal mounting position ) w i th  re spect to the photograph .

Test results a me shown in I- ’i gin me 22 again V i th the zero C fo i- the two
curve s displaced to allow mult iple n -esu l to to be (Iispla (-ed on the sail-m e I-’igu re.

The t’e sonant points are VC r close to the t~’a ks of l” igu i’ t ’  21. I’m is
deni onsti -t ite s that the a n t l ) l i  f i c a t i o n  resu l t s  from the spring rate ( tmnm I ni tod tn ln ’  n i t : m s s l
o f the mount ing  plat e and is Ix~ i ng t n’ an sm itted through a r i g i d  s tru ctu  i-c t i  the h y h i - i i l
package .

Nt te tha t the frequency sc’a Ic has been sh i f te d in 1-1 gu me 22
to covm ’ r g r i -a f - - i ’  I’requenc - v r t m n gi  -

- 19
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3. 6 . 2 . Vibra t i on  Tests With  The rmal I solat or s

As positions 23 and 2-1 are re p resent ative of the conditions seen at the
hybrid electronics , testing could now procede with accelerom ete rs at the 23 and 24

locations used to investigate the e ffect of the isolatons on the amplification factor
and resonant frequency .

These results are shown in Figu re 23. Tests nn-e re run ~n ’ith connec-tor
up and with and without a cable atta ched . The Q \n a s  reduced to about 6 (from 25)

and maximum resonant l)oint shifted to 330 ~~50 Hz range at the 5 C input . All
testing to this point had been done at 5 G input .

I-’roni Figure 23, the loads on the hybrid c i rcu i t  at - c inferred as being
slightl y ove r 30 C’s at 330 lIz and with a second resonance showing at
20 G’ s and 75 (( 77 ( 1 H z .

Tests run at the 20 G input level are shown on Figure 2-1. ‘I’he
configuration is the same as for tests shown on F’igune 23 except one accelerom ete r
is mounted ne a t- the ‘ente t’ of the oute r cove r (Position 4 i .

Fron t Figure 21 the m a j o r  resonant peak is changed to 180 Hz and
the maximum G load on the hybr id  ci~’cuit as info r i-ed from position 2-1 is 55 C’s.
This is a Q of a little less than three.

The results of vibration c ’itects on the top cove r are also shown . The
resonances occur  at 19(3) , 4100 , -1500 and 4735 in addition to the mount  rim - mg

resonance . Items of inte rest he re are possible fa t igue  of the oute r con-e r and
speculation on ti-me e f f e c t  of removing the r iv i t  at ti-me cente r of ti-me out-c r cove r to

i nne r cove n’.

3 , Conc lusions — Vibra t ion  Tests

‘l’hc vibration tests shoit lii be run \vi Ui the st ructu me w h i c h  would

mount the ni u l u l e  to the engine inc lucled in the test rig. As the unit is iIi ’s igned -
the moun t ing  r ing  sp r ing  ra te, as de fined by j late thickness and distance between
su l)I)( ) rt  n -m oun t ing  points, de f i nes the at tm iii~ sv stem resonances . By m m n -  design
changes in the mounting confi guration the n -e sonant point can be shift-ed . Damping
ratios at re sonance a me funct ion  of the the rm al  isolator c-ha mat te n i s t i c s when

‘ 010 ide red as a n i b r t i  t i i  mU ihmnt  ix ’ m _
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‘l’he niiaxin-mu n - m vibratory loads imposed on ti-me electronic ’s with the
design arc within lint its which will allow ti-me electronics to survive at the l-csoniant
condition. At frequencies above t u e  first resonant point, t h e  aniphfic ’ation facto t -
is near or less than one.

Test results demonstrate that the unit can withstand the engine
environment. 1\Iinor design modi fications in the mounting ring or the i’ntal
isolators can be made to improve performance .

The mount to the engine nn-as not defined during the proj ect. The
major problem from a vibration standpo int which shoul d be avoided is a resomuit
of the san -me frequency in the mount structur e and the transducer module.

3. 7. TI IE1 I MALL Y CONDITIONED MODULE ENVIRONME NT

Data on typica l n-mission profil es for advancer! engines has been
compiled fron t several sources. —

Mission environment data is given in Fig’ures 25 and 26. Figure 25
is the hypotehetica l mission profile for an advanced engine control stu died by P & \ \ A .
Figure 26 is a typical mission environment as specified for control conip onent s
on a DDA (Detroit l)icscl Allison) engine subjecte d to compressor inlet aii
temperature. According to this data niaximum anibient temperatures a l- c -1G ~ ° 1-’
and maximuni fuel temperatures arc 210 ° 1” . Other advance data from Pratt &
Whitney Aircraft indicates that in advanced engines , fuel temperature may reach
285 ° F in flight and 225 ° 1’ at taxi cond itions. For thi s project to allow subst tt ntia l
performance m argins , a maximum fuel temperature of 330 ° F and a nta’ -dntuiii
750 ° C ambient temperature were chosen as design goals.

- -~~~~~— - - - ---  ~~ - ----— -- - —---~ --- ~ - -  -
~~

- -
~~~ ~~~~--~~~ — -—-- - -

~~
-

~~~~ 
~~~~~~~ - - ~~~~~- - -~~~~~~~ - - -‘



- — -—
-
-.-

------
-- _ _ _ _ _  

S — - - -  --~~~~~~~i:~

H 
‘ 

— -

- I —~~~~

4!)
- - - -  

o E ’

0

I I I I I I I I i
o o o 0 0 ‘~~ 0 0 0 0 0 0 0 0 00 0 0 0 0 0 0 0 0 0 0
C’) C’l C’) C’1 “ “C 4!) -r C’) C4 ~-S

— ti pi . ! I i i [ v I I . )~— I ( I  ~!, 
— ~I P l T ,  r , ; i i o i  ,‘I~ — 

~~~~~~~~~~~ .i,~~~: i n i a V

~ i1 \ i I  _LS’O(III 41 1\ 1d - 1 , -I l -I

56

~



~~~~~~~
- - --

~~~~~~~~ ~~~~~~~~~~~~~~~ 
-

Cl) 0
z -

~~

El

0~~~~~~~~ 0
I .

~L.-_~_____ D Z 0 ______________
< z 0  I0 0 0

El
4 0

z ‘-4

I - I 0 0  I
C/D~~~~~~ 0 

I I I
I I  - 0I : ~ 

_____________ 

:-

I

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

;
JiiJ~ L~

-~~ 
— ~nIfl.Lv’ :4~I 1~~- n, L t iny ,LN 1IilL s~V

57 

-~~ - - -  -- -~~-- - - - - - - - --



Operating effects n-must be considered not only durin g flight con-
ditions but also the effects associated with “heat soak ” at shut down . No specifi c
design requirements or conditions which would define a bench simulation are
currently available.

On a hot shutdown , ti-me following factors should be considered:

• The ther moelectrics cannot be run without a fuel flow
through the heat exchanger~ . The 40 to 50 watts of electrical —

power applied and the insulating characteristics of the double
cover design would result in extensive internal heating.

• Prior to shutdown , the fuel temperature will be approxim ately
200 ° F based on Figure 25 and the protected electronics
near 100 ° F. With the insulating effect of the double cover
and the thermal lag of the unit, the electronics should not
exceed their maximum non operating temperature limit.

• In the unpowered state the electronics may be stored
in temperatures to 302° F. With power applied , the elecLron ics
are designed for operation over a temperature range of -65 ° F
to +257 ° F.

A realistic hot soak or shutdo wn should be established iii ter n -mis of
maximum ambient tempe ratures and duration and a simulated shutdown run made
on the system for evaluati on.
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SECT ION IV

ELECT R ONIC DESIGN

4. 1. PR ELI MI N A RX DESIGN

A preliminary design study was performed to determine the optimum
overall design feature s of a thermally conditioned module . To be consistent with
ai rcraft requirements , the module had to be small and light. To meet the nve ’ight
criteria , a aluminum constru ction was selected. To meet size r equirements , a
hybrid integrated circuit became the obviou s choice . So th at a significan t amount  I f
signal processin g C ,ild be accon iplished , a hybrid subst i-ate size of one-square
inch was selected . A thermocouple signal was selected as representati ve of the
type of low level signal with the need for conditio ning. Multiple sensors were used
so as to be repres entative of aircraft practice. Va rious forms of signal conditioning
were conside red. TI -me prime require ment being that the output signa l he Cofli pat ib le
with the high pe r fo rmance requirements of a digita l com pute r control syste m .

The simplest nietinod considered consisted of straight power aniplifi-
cation to increas e signal power rel ative to background noise. Ti-mis \n-as re j ected
because the outp u t signal did not appear in d igita l form and could not be readily
measure d i~ digital circuit s.

A Second method considere d consisted of chang ing ti -me voltage of the
thermocoup le to ~ frequency. The outpu t frequen cy would then be proportional to
input signal level. The outpu t is immune to annp litude variation -ms due to noise.
The frequency ty pe outpu t can easily be measure d by digita l circ uits. ‘[‘he t i m e
requ i re d for thi s nieasurcnie nt , lio nn e n - c’ i’ - i s  rathe n- long. Anothe t- pr o!) em is Us’
ilc’ sig n of p rec is I I f l  volta ge Lu frequency c onve rte r . Se y e c’a 1 dt~ signs we 1 c ’  r’ na  I wm tA’(
none - h~ inn e n-e n’ - sit )\\ c I prom se of ni eet ing out . aecu n -acv requ I rem c nts . The ‘c t I l l - c  -this conversion niethod was mc j ect1 ’~i .

The thi rd method evaluated and selected for this proje ct r e su l t s  iii
pulse nn’ i( Ith niodUlate(I outpu t signal. This method has advant ages iii a c m - u  I’a ‘v and
speed ove r other methods. Ano thel -  advantage is the readil y avai lable digital circui t  n-n
requir ed for pulse width modu lation and demodulation.  In th is denion ot  i~ i t  li ii i~ it a
pulses nn’c re sent i m n - t n ’  a pa - m m ’  I t  n vi i- cs; the signal ty pe , howeve r , is di n - c- ( ’ t I\  : ipph ieahlt
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to transmission using fiben- optics. A simple circuit modificat ion could accommodate
ti -mis transmission i.iode.

To conv i-rt the analog thermocouple signal to a pulse nvidth , a rather
novel approach was developed. ‘I’hc heart of the conversion circuit used a Motoro la
monolithic integrated circuit analog to digit al (A/D) convci-te r . Nor n a l ly
ti -me A/D converter is thought of as a sing-ic unit. The modulator por tion uses a
dual slope A/D conversion technique to produce a pulse width output . Ti-me demodulator
is used as the readout device converts the pulse nvidth to a binary number which is
displa yed. Each input data signal 1-equire s only a singl e conversion to produce a —

pulse nn’idth and a digita l display . Multiplexing can , therefore , be used to send diffe ren t
bits of data in succession ove r ti -me data link between modulator and demodulator.

- 1. 2. BREADBO ARD DESIGN

The electronic circuit for the thermally conditioned transducer was
initiall y designed ! and built in breadboard form for test purposes. The end product ,
however , was built as a thick-film hybrid integ rated circuit. Figu re 27 is a block
diagram showing ti -me functional interrelationship of the the r mall ~- conditioned module
and the readout module. Schematic diagrams of the Thermally Conditioned Sensor
Module and the Readout Module are shown in Figu res 28 and 29 respectively.

In ti -mis sensot- system , t iii’ analog to pu lse-nn-idth converter is
the heart of the system. The unit employed for this application is ti -me Motorola
MC 1505. It is the analog s stem of a dual ramp an alog-to—digital conversion system.
This unit establishes a pulse width propo rtional to t~:( input voltage . Ti-mis signal is
transniitt ecl through cables nvlier c it is subsequvnt1~ conn-erted to a digital signal in
the pulse—t o—digital  block. Ti -me pulse—t o— digita l block ( ‘onS ist s  liasieailv of a counter
in to which  i ’lock puls es  a n_ I ’ ga tcd din t - l i - mg - s igna l h ) 1,i !5( ’ ~‘riod .

The n/I ) conve I’ t ( ’r system is shown in ( I ( t~ I lit I- ’ ie’!r c- 30. The
analog subsystem the ~n ioto ro la MC 1505 mono ! i t h h -  in t cgi ’ : m t e i I  ( - i rc i n i t  shown in the
blocked area of the cir -cuitrn - , consists of an i nk  -g I - a t o m - , a compa ma t ot - , a reference
converter aniplifi e r , an input  si gnal c’onve it e  n. a n i i p l  i fie r , a m e n  I atc-d cc Ic n-crn -e
n-oltagc son n - cc and a high six-em ! cii i- n-cut snn i t c- h.

1- igu n-c 31 illustrates the thi iing sc-quc nx’ c of the i m n t c g i ’ :n t on -  chit i-ge
(signal i-u r i-en t i ) ,  (I isC h a rge (re fe rence en i- rent i ( ‘ ( ) n l J  ma i’ato r li-n -cl , i-an -m i )
control leve l and t h e  m znth -matical  de t ’iv :mtion of signal inpu t to outpu t reading. - :
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Figu re 30 -- A/D Converter Functional Diagram
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Initially , the input signal that is converted to current is integrated to
linearly increase the charge value and voltage outpu t of ti -me integrator. This process
is continued for a fixed period dcterniinecl by the time required to fill the counter in
the logic section of ti m e Readout Module . The clock is gated into the counter when ti -me
integrator output crosses zero . Wi-men ti -me ’ counter is full , a high signal from the
counter is placed on t h e  ramp control line which activates ti-me switch in ti-me analog
subsystem (TnI C 1SOS , Figu i-c 30) to direct the refe rence cu r ren t into the integrator
with a reversed polarity to linearly reduce the integrator charge and out put voltage.
When ti -me ou tput crosses zero as sensed by the comparator , the clock is stoppe d and
the count is a measure of the time required to reset the integration back to zero.
This time is proportional to the inpu t signal level.

The use of one clock to set ti -me integration time duration and to also
establish the count measure of the refe rence reset interval eliminates any d’loc’k
frequency variable from ti-me measurement. Also , any integration rate change due to
integrating capacitor variation applies to both signal current integration and reference
current integration , and is , therefore , cancelled out in the re ading.

The clock in ti -me readou t was set to run at approximatel y 800 k l i z .  to
yield a minimum sample rate of 133 readings per second or 17 complete 8-channel
cycles per second. Ti-me digita l value of each n-measurement is present on ti -me counter
outputs of U7 , U8 , U9 and UlO of Figure 29 in BCD code form at the end of each
measurement. This information is ti -men placed on the two sets of latch registers
DS1 through DS4 and U15 throu gh U 18. The first of these (DS 1-DS-1) is for readout
and the second ~U 15-U 18) is for BCD code out put and for input to the D/A converters
U2 1 and U22 . The strobing of ti -me latch reg isters for readout is reduced 100 to 1 l)y
counters U12 ari d Ui-i to give a re adou t upd ate of 1. 7 per second to allow readings
with some supe rimposed ripple.

The thermally conditioned module as si-mown in Figu re ~~ has a t o ta l
eight the rmocouple inp uts with multiplexing to permit use of oni one pn- (- — ; m n - m l p ,  On(

mixer and one A/D converter. Multiplexing was therefo re r equired ! along with some
form of automatic and manual sequencing control. A minimum nii tithe n- of input I im-s
were desired , and accord ingly , a pulsed oc t al  d-oinntc r decoder (U?) nn as chosen to
activate the multiplex er s 1 5  and U G . To step from one inpu t to the mmxi , only a
pulse is requ ired. But l ot ’  proper known channel selection , some nicans was  I ’eqUir (- (i
for starting each sequence on a definite channel.  The ‘‘( ) ‘  select outpu t on t lie cou it tc  n-
decoder U7 which is kc~ e l  in with a pulse to the reset inpu t is used for chann el
selection. ,-\ (lecision nv as niinde G m  usc a sc i ’it-s of seven pulses ;nn ( i  an i, - i g l n t i i  i inn l sc
wider by a factot -  of f ive . An  R— ( ’  f il te n’ nn as placed :n h e :md of the reset input  t im  ci in n in;mk -
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the narrow pulses. TI -me narrow pulses into pin 1-1 step the decoder through ti - me eight
outputs and tuie wide chann -l ‘‘0” pulse resets the decoder to “0” by passing through
the filter R3-l and! C8 to activate the reset input. It was then necessary to provide a
circuit in the Readout Module that can genera te such a series. A design was in-mplc-
mented to generate two concurrent series of pulses of one microsecond and 10
microseconds wide t ri ggei-C(l by the completion of eaci -m measurement b~
transition of ti -me eompai-ator line fi-om the A/D converter. Ti-me gene rators were a
pair of monostah k’ mult ivihrators U2 -l as shown in the Readout Module schematic
in Figure -1-3 and tin e Sec1uence Generator in Figure 32. Ti-me selection of one wid e
pulse for each seven narrow pulses was generated again with an octal counter decoder
clocked by ti -me comparator line. Ti-me decoder output triggers an alternate gatin g
reset circuit to insei- t the ~‘icle eighth pulse into the outp ut sequence.

Conditioning of ti -me input signals was needed for diffe rential input , for
amplification and mixing of signals , c~~d junction compensation and offset voltag e .
The circuit designed for this application employed 3 amplifiers , one for each line
of input and a third for mixing. Ti-me mixer was designed for use as an inst run-ment
type inpu t amplifier with inherent capacity f r  placing ground line ~-olt :mgi in a conm-mon
mode for cancellation. This instrument amp lifier also presents a high input impedance
for both differential and common mod e pe rmitting application of the commonl y used
multiplexer CD 4066.

Cold junction compensation is provided by a silicon diod e 1N916 , the
voltage drop of which , with a current sou rce , is inversely proportional to temper:n t u re .
This voltage d rop is applied through a proportioning resistor to ti-me input of the final
amplifier hi the p re —a mp signal conditioning. Also , a fixed reference voltag e is
applied to ti -mis current mix ing and proportioning to get a zero output with a signal
inpu t of zero degree 1-’arenhcit from a chro mel—al ume l thermocouple. The mixing
resistors for signal , cold junction cun i jx -nsa t ion  and offset were selec t ‘d and
proportioned to get a zer o output for :1 0° F thermocouple signal and onw volt outpu t
for 3000° 1- ’ signal input.

Tiic - sensor system , shown in block diagra m in Figu re 27 ~as designed
with a m i n i m u m  nun ihe r of interconnectin g lines between ti -me Conditioned \ io ( tui e  and
the Readou t M odule as ~vell as a minimum number 01 fu l -mdtiO fl s  and ci rd-Uits in tht -
sensor module. ~l’ Inc l u t e  n - I ~o’e ix int in the A/fl ( 1  mfiV ( (‘ 5j (  I fl  plac-es th ( ’ c i r c u i t  eompn —
nents such as the  i - il l - it i- m c i , counter, ( ‘ 1( 11-k and n ’t-g istc n s  in the I~eadout ~I C/ d o l e  - thus
minimizing tine nu mi)e n ’ i t t  inte i (  ‘m C n i i t ’ ( - t i i t g  lines. ‘I’he interface at t in e outj)Lit of t he
analog to pu lse— width i i  m n m - - i ’sion point provided for a d -sirc- d pu lse signal in p I n e  mit
amplitude , thus ch i n itna t ing  the Ti(’ (’( SSit\ of man s  digita l lii cs at such .i ni i n t ( -  t-I ~m v4 -

point.
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- 1 .3. BREADBOARD TEST

The electronic circuit was designed to operate at an ambient temperatur i
range of — -10° F to 1-l~~)° l- w i th  a maxim um i-ending e r ror  of 0. 5’~ or 15°F for an
equiva lent sensed tem pe rature range of U to 3000°F. The ci rcui t  was designe d and
components were selected to pro vide for the minimization of errors and drift s from
three soured-s - input null drift , gain change , and cold junction compensation.

The prime source of null drift is the input offset voltage of the inpu t
differential amplifier. A type uA 725 ~‘as selected because of its low offset drift of
2uV/° C. Thi s would result in a 5° F or 0~ 2% for the 3000 ° F span. The gain s were
proportioned in the three aniplifier stages so that ti-me drift s in the second and third
stages are effectively of secondary value.

Another source of drift WaS due to the amplifier gain change . There fore ,
the design criteria was to employ an adequate number of stage s and gain values to
result in a feedback degeneration of sufficient magnitude to make the gain a function
of stable feedback resistor networks. With 25 ppm resistors , the maximum drift
contribution is 0. i5~~ I .  

-

‘

A third source of drift is ti -me cold junction compensation sig’nal . Ti-mis is
caused! b~ ti -me temperature sensitivity of ti -me fo rward drop across a silicon diode.
This yields a 5° F to S ° F ot- 0 .2 1 1 to 0.3’ - error attributed to ti-me difference in the non—
linearity and tern peratu re drift .

The root squar e sunimation of these error sources is 0 .3  to 0. -i’ , ’ which
is within ti-me 0. 5’ limit. Measurements made over the temperature range of --1 0° F
to +180° F were found to be within ti -me required tolerance of 0. 5~ error for t i e  bread !—
board model.

-1 .  - I .  ILYBR11) CIRCU iT PE R F O R I\I ANCE

The final version of the bi-ead boar d model , afte r having comp leted the
temperature pe r forirmance tests and mo(iificatiOn , was used as ti -me circuit for ti -me
construction of ti -me thic k—fi l n hybrid circuit. Three units of the hybrid circuit was
built by ti n e Ac l’os hzl ec ~~-stcins Division of The Bendix Corporation in Mish ~nwak a ,
Indi ana.

~
-\ n an it i t -h ip approaci i ~ as selected for ti -mis project. This approach

limits the substrate circ-u itr y to a conductor pattern. Ti-md ’ circuit elennen ts , I’d- s i st o t’S ,

capacitors , and sc m ieonmi u ct m m m ’s  we t’ ’ ~U i’chased items mc-ctlng the re q u ire n-ment of 

—-—-~~~~ ~~~~~~~~~~ --~~~ - - --- - 



M IL-STD -883A . Ti-me package selected for thi s circuit was ti-me TEKFOR M 20139
1. 25” x 1. 25” platform and a TEKFORM 20270 cover. Ti-me unit was backfilled with
dry nitrogen and sealed with SN 60 solder. Ti-me substrates used are alum ina , pre-
coated with sputte red chromium and gold , ti -men gold plated up to a thickness of 150
micro inches. Substrate size was 1” x 1” x 0. 025” . The substrates were subt ractive lv
etched to provide circuit intc-rconnects. Since power dissipation in the circuitry was
only 0. 07 watts layout and hot spots wi-r e not a problem.

Conductive epoxy was used to bond the integrated circuit chips , resistors ,
and capacitors . Ti -me epoxies are n-microcircuit grade n-materials which h ave been prove n
in military programs and used by Bendix for several years. M IL— STD-883 recognizes
the widespread acceptance of organic polymers in milita ry hybrids by providing com-
prehensive visual inspection criteria for organi c polymer attachments and connections.

Connections in ti -me hybrid were made with 1 mu diameter 1~i silicon
aluminum w li-c which is ultrasonically bonded by a wedge—wedge tailless bonder.
This process is used because of its su perior reliability and because no assembly
heating is required. A photograph of the ui -mit has been included in I ’igUr e 5.

The hyl)rid units were tc ’sted and calibrated at the Aerospace Systems
Divi~~on. Ti-me span calibration data for hybrid S/N 02 was within 3° F or o . 1: Of the
required values which was ~‘ell within t i e  ovi-rall specification of 0. SI I .  The null
offset was 10° F. Although this appeared to be of some consequence , thi- ove n - a l l
result includes a final of fse t  balancing value whic h serves to eliminate the fLxed
offset of the cold! junction compensation.

The hybrid SN 01 w in s assembled in ti -me Thermally Condition -it ’d Trans-
ducer SN 01. Resistors and diodes were selected for prop er cold junction t’onipensiition

signal for the tem peratu re range of — -10 ° F to + 180 ° F. The n-most common ambient
range of 75 ° F’ and 180 ° F were selected as ti -me calibration points.

Tests based on the temperatu re parameters wer e conducted m m i i  the

Thermally Conditioned ! 1’ t-ansdincer SN 01 for gain and cold junction compensation
measurements .  T i ne nrLxinllunl c i’ i’ i i -  for gain (sp an~ readings was 1. 1 m 1

’ wh it ’h -
~~~~- t - c - m  k m

the 0. 5 - l i m i t .  The an n p h i f i e r  chips for the 2n d ilti(i :~r(l stages of SN Ui were
inadequate for ti - m is t d ’  i n j  m m -  i- a to i’c m - :i m lg (  - ann! W t  cc thei -efo t-e d’ i i a n g d - ( h  in tint ’ sul S1- ( i iR- nt
units SN 12 and S~ 13 .
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The second unit , SN 02 was installed in a Thermally Conditioned
Transducer Assembly . Ther mal tests were conducted on the assemb ly . The results
obtaine d showed an error of 0. 1~~- and a cold jun ction compensation of 5°F or 0. 2~~.
A third hybri d niock ile that was produced , SN 03, was built pr imarily to be used as a
spare unit.

The transfer and erro r curve s are shown in Figure 33 and 34
respecti vely . Ti-me cold junctio n compensation temp erature values and the correspo nding
error curve s ar e shown in Fig’ure 35 . The error curves are indicati ve of the non-
linearity of ti-me silicon diode voltages. The error for the SN 02 module is less than
±5°F. which is within specification limits . The erro r for the SN 01 module , however
was over the limit. This attribute d to ti-me excessive drift in the last amplifier stage
plus the non-linearity of ti-me d iode . Thus , ti-me use of a higher perform ance op-amp
in the SN 02 module has re sulted in satisfactory compensati on. 
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Figure 34 —— Trans fe r and E rror Curve s — SN 02
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Figure 35 —- Cold J unction Com pensation
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- 1.5.  TEMPERATURE CONT F1OL

A Thermoelectric Temperatu re Controller along with a the rmoelectric
element is used to control the temperature of the transducer. The thermoelectri c
element serves as a heat pump which is capable of providing for bi-directiona l heat
flow as determine d by the polari ty of the actu ating current . The curre nt is controlled
by the reference temperature limit s and a temperature sensing element (a thermi stor)
on the hybrid circuit. A schematic diagram of the Thermoelectric Temperature
Controller is shown in Figure 37. Figure 36 shows a functional block diagra m
of the controller which consists of a power supply , a th ree-state semiconductor power
switch , and a control circuit for the switch. The power supply is a switching regulator
type employ ing an oscillator with a pulse-width control input. The pulse width is
controlled by a reference current establishe d by a potentiomete r setting and the control
feedback signal input. The feedback is taken from the current sense of the output to
pro vide a current regulatio n to match the curr ent referenc e setting.

L I i ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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~~~~ -~~~~~~~~~~~~
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-~~~~~~~~ 

F’ i gun-c 36 — — Contr ol led Power Source for The rm oe Ic et ri c E 1cm ents

L 

The outpu t to the therm oelectric load is controlled by the three-stage
transistorize d power switch. The switch is a four-transistor bridge type which
provides for a plu s, a minu s or a zero current to the load.
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The control circuit for the power switch consists of two flip-flops and
four comparator amplifiers with fou r temperature reference voltages. Th e  output
of the thermistor temperature sensor is compared to the four references. Figure ~~
sh ow s a graph of current outpu t versus thermistor temperature in the hybrid. \\‘hen

the high tcmpcratui-e limit is reached at T4 , ti-me comparator triggers the high level
flip—flop to switch ti -me output current on to ti-me cooling direction. As ti-me temperatu re

—

- - - - - - ~~~~~~~

Figure  35 —— ( uri’eifl ( )u tput  vs The rmisto r Ten-i pe rzntu rc

drops below the lower limit T3 , the h ip—flop is triggered back to the other state whic h- i
cuts off th t -  two cooling switc h e s .  The unit therefore cycles between these limits when
tine th t - i rna l  con(iitions in the h i brid requires a cooling control n-mode. When a heating

I C  14 - is r equired , the cont i-ol c-vclt-s similarly between temperatu re s Ti and T2 with
t ! i m -  otht- r  flip—flop and I i  and T2 limit comparators operating to activate ti-me other two
I 1 - i m  Ig i - sw i t ( -  h i -s for heating current direction.

i’iie- n- (-fcrenc t ’ voltages Wi- cc set for a cooling cycle J)etween i8( i u to 185C j

i i ~ . !  .i  he, I t  i nig ( - \  d l i  h -t \ \  d c - f l  I 7(I ° to 175° F. Thi s opt—rating tempe i-atu re range was
- - . t~ i i  tm ’ ~~~~~

l - \  Ic n - m - minimui - mu drift due to tempc i-ature change s in ti -me hvl)rid , eonsistant - - 
-

- I I  I lii i -
- I ’ - i i  i t  I m ~~ of the thermoel ectric coolin g clement. So-mi- me penal ty iii i’i’hi~ii) ih it \ —

- - 
‘ -~~~~n m i t r e . If tiu hybrid inns a base failure rate u t  1 at 70 ° 1-’ then

U ‘h : mt 1 7 n  I l i-i n n u ltip hii- d 1) -l ; th is m u l t i p l y i n g  fa cto r inc reases
n’ I I M i t  2 I 7 1-’. The 170° F’ ope rating temperature Inc i’i-:i sm-s ti i- failun-

~~~~~~~~~~~~~~~~~~~~ st -d I I  - - : 1  in i i ~ temperatu re range decreases the (- l i -c t  ronnie
I ‘-  ~n- t I  :t I .

- - ---- ~~~~~~~.
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SECTION V

THERMOE LECTRIC COOL 1~~G E LEMENT

The thermoelectric cooling elements were develop ed under subcontract
to Bendix by Ohio Semitronics Inc. of Colun -mbus , Ohio . Standard cooling units avail-
able from several n-manufacturers are generally limited to operation at temperatures
below 300 ° F. Units developed under this contract provided 3 watts of cooling with a
hot plate tempe rature of 345 ° F and a diffe rential temperature of 130° F. (For
refe rences purposes Appendix 1 provides a description of the thermoe lectric effect).

Six thermoelectric devices were provided to Bendix . Tine first ti -mi-ce
units were used for development tests. Ti-me final three were used in ti-me three
thermally conditioned modules built under this project.

Ti-me thermoelectric elements were built in modules 1-7~ iG x 1-7/1i ; x 5/li ;

inches. The n-major differences between ti -me thermoelectric elements was in ti-me number
of couples within an element. Unit 1 contained 16 couples , unit 2 contaIned 31 coinples ,
and the remaining four units contained -14 couples. The last th ree of these units ~ven-e
designed for operation at temperatures to 345 ° F. At these temperatu res tine solder
used within the elements becomes a problem. To prevent performance degredation
due to solder migration flame sprayed nickel was used for contact formation.

Ti-me thermoelectric elements (couples) are formulated from a Bismouth
Tcllur ide polycry sta line alloy . The formulation of ti-me alloy and ti -me manufac tu ring
process control ti -me characteristics of ti -me elements. TI -me basic material u sed i nn ti -me
thermoelectric couples is Bismouth Telluride. TI-me alloying an-mc i doping materials
include Tellurium , Antimony, Arsenic , Seliniuni and Antimony Tn —Iodide. Doping
determines whether the h m0ly ~ rY StalS will he P, ~excess positive charges) or N (exu -es s
negative charges).

Design parameters for tint- couples within ti -me then-moclet -t Fir u - i t - n - i t - n i  s
ar c give n inn ti - me he low fo n a r 1 oF 2-550 h- :

4 - ,
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L/A = 4 cm~~ = couple leg length to area ratio

- = Seebeck coefficient = -130 x 10 6 volts/° K

- 
- 

p ± = Resistivi ty of couples = 4. 0 x 10~~ ohm/cm

K - K = Thermal conductivity of legs 2 . 8  x 10 watt/cm

R Resistance of a couple 0. S x 10~~ olim s~ juncti on

K = Thermal conductivity of couple 0. 7 x io 2 watts /B K

Performance characteristics for the Ohio Semitronics model TM-i -1011
is given in 1- igure 39 . Ti-me optimum current for this device is in the range of 8 to
10 amps. To obtain the best coefficient of performance 8 amps was selected. In
application of this cooling device the cold plate connecte d to the hybrid p~ ckage and
the hot plate sinks 1-meat to the fuel 1-meat exchanger. Fro m the graph it can be seen
that at a cold plate temperature T

~ 
of 180° F and a hot plate tempera tu re(T~~ of 285 ° F

this unit can pump -1 .5  watts. From test data the coefficient of performance at ti-mis
point is 0. 15. The dashed line on Figure 39 shows performance data for tile thermo-
electric - cooling elements with a T~ of 345 ° F. At thi s point the unit can pd n l - m - mp a two
watt thermal load and maintain the cold plate temperature at 195° F.

The thermoelectric couples are formula ted fro m a Bismouth ‘I’cllu rid
polycrysta line alloy. Extensive testing of these n-materials by the manufacturer
has revealed two possible failure ni-nodes for the elements. Tests at ternpe i-a tu i-e--
of 390 ° 1- indicate ti-mat a dec rease of about 5 , L - in the coefficient of performanc e is
probable aft er 100 hours. At 320 ° 1- no change in efficiency has been noted after
t estin n g. The high temperatures cause migration of the elements within the alloy
resulting in a loss in efficiency. The operating temperature limit can be incr eased
by a reformulation of the alloy. The form ulation used in units tested was a compro —
misc to obtain a high c oefficient of performance and n-meet the 330 ° F hot plate tem pera-
ture goal .

~in i-c ti -me thermoelectric couples are polycrystaline n -mater ia l s , sh mi - k
~n i - md st i- -ss can -n cause failur es clue to fractures on - a (ie-e nc- ~nse iii pei -fornn~unee due t u m
nuik -  ro si- u m p i e c-racks in the n - in ate rial. Therefo Fe any package designed t c m use the rnn o—
electric elen nne nt s nun u s t  he designed so as not to exceed the manufac-tu i-en-s ~t l ~t -~~~
linu n i ts  for tint- cle n iucnt s. The the r moelect ric - elements flS used in the TCN we re
nunounted bi- t wt- i - i i  Lw t m  h a te p l~nt i-s to f o n n u  a n-igid s t ruc ture  held with four  Is l t - ~
tnmrt iucd h o S i lu c -h — i) ou nds .

7( ; 

~~~~~~~~~~~~~~~~~~~~~~~~~ --~~~ - -_ - _ -~~~~~~~~~~~~~~~
-
~~~~~~ --~~~~~~~~~~~~~ -



~~~ir- ~~~ 

_ _

~~~~~~~~~~~~
- _ - - -

~~
---,—— - - - ---.- 

~~~~~~~~~~~~~~~ T T ~~Z
- - - -

~~~~~~~~~~~~~ ---

PER FO R M ANCE DA TA 01110 SEN ITR ONIC S THE 1t\l ( )E L E C I I ( I C

MODULE M ODEL . TM -16-1011 HOT PLA TE TEMP . T11 = 2S5~ 1-’

/ _~~ / /

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
7 7 T

~~~~~~~~~~~~~~~~~~~~~~~~~

180 --
~~~~~~~~~~~~

--

~~~
/ -

~~~~ ~i~i~ii1Ii
~~~170

/ I l A T h
V ~~~~/ / -

~~~~— _~~~~~~ ~~~~~~~~~ ~~~~~~ ——

160

0 150

- i~ -\\ 1 I s140 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — -- ---—— -- - -- _
~~~~~~~~~~~~~~~~~

130 i1T1 1111I 1II~~~~~~~LT
125 -

0 1 2 3 4 5 6 7

T H 1~1- -d LOA D -

guru - :19 —— P e r f o n r n u : m I n I - c i)~n t-i n 

- - - --_ - — --~~~~~--- _ -- - -~~~~~~~~~— -- - - -  -~~~- --~~~ -~~~~~ -
- -- 

~~~~~
--

~~~~~~~~~~~~~~~ 

-



- ~~~ T-~~~~~ ~~~~~~~ :-~~
-— 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

SECTION VI

• ALTERNATE SENSOR STUDY

6 . 1  PURPOSE

Ti-me purpose of ti -me alternate sensor study was to evaluate wher e a
thermally conditioned package could find applic ation in an engine environment. Ti-me
selection made for ti-me test and developm ent portion -ms of this project was a thermo-
cou ple interface circuit . Ti-me n-main thrust of the project however , was to develop a
cooling n-method for high tem pe ratu re enviro nments , The package de veloped can
serve any application where o cooled environment is require d . - -

6 .2  ENGIN E SENSORS AND POSSII3 LE APPLICATIONS

Position Sensors -- Typ es of position sensor s found on a turbine engine
include ; potentio meters , resolvers and linear variable different ial transformers
(LVDT ’s). These devices are generally operable in environments to -175 ° F. Special
design s are avai lable that extend ti -mat range to 750 ° F. These devices are best
handled by fuel cooling alone. Ther moelectric cooling in ti-mese applicat ions is not
jud ged to be practical.

Speed Sensing -- Speed sensing is accomplished by use of variable
reluctance sensors. These sensors are operable in environments to 7500 1’ in s~mc’~ ml
designs. These again arc best suited to fuel cooling if any is req uired. These
devices would requ ire thet -moeleetric cooling only if solid state devices ar e contained
ther ein. Commerci al sensors currently employ H all effect and light sensitive
devices for speed sensing application s. These devices are used in commercial pro-
ducts because the~- exh ibit excellent noise immunity . In aircraft engine cnviron—
nients , t h n e ~ a n-c- compatible with size and power requirements of thermoelectric
cooling anti could be used with tint ’ type of module d eveloped here .

Temperatu re Sensing — — Temp eratu re sensing in electronic engine
controls has traditionally bct ’ii ~1ceol nu p 1 ished with thermocouples at-nd resist  a net -
p robes. The sensors t in em selves do not requir e coolii g but the -lect ro n ics assu -j ; t t uul
with these sensors can benefi t from signal conditio ning on ti -me engine i-ms demonstr ated
in this project. I f the engine con t r ollei- is mounted some distanc e from the senisor t h e

4_ S 
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capability to buffe r and amplify the signal can be advantageous. In t i-mis syste m eight
thermocoup les were multiplexed and the sigi-mals were change d to pulse width n n i m j d t n-
lated form . Ti -me n-multiplexed signals \~c’re transn -mitted over a pair of \k- n-es. In
applications whe re weight or extreme noise immunity is required the signal c-an be
transmitted ove r an optical fiber link.

Ti-me optical pyrometer is a new device being develop ed for tu ri)ine engine
use. The device uses a silicon -n diode to measure ti -ne radiated energ y emitted fi’on i - i t h ) i
hot turbine blades. The silicon diode suffers from ti-me san -me te mp eratu u -u- limitations
as other silicon solid state devices. The operating temperature is limit ed to 257 0 F.
The device as currently designed use a long optical relay link to remove ti -me sensor
from the hot ambient and ti -men uses air cooling to reduce ambient ten -mpc ’ratu r c-s. Thi-
thermally conditioned sensor approacl -m is a natural application for ti - mis k -vicc .

Pressure -- Extreme accuracy pressure sensors (0. 01 of full scale )
are required by n-modern -n tu rbine engines. Sensors that n-meet such accu r~ic-v rc-q in i re-
ments all have electronics packaged with the sensor. There fo re , ti -me sensor must hi-
located in an environn -ment consistent with ti-me electronics. If the sensor is locate d
with an off-engine mounted compute r the signal lags and transport delays can become
so long as to make ti-me pressure control parameter ineffective for control purposes.
The thermally cond itioned n-nodule could be used to contain -n several pr essure si-ns on -s ,
process the signals and transmit them to a control computer.

In-n 1) 1c1ilent ~n t i ofl  01 i)rc-~~ u Fe 51 fl S015 in the ti-me rmah l ~- condjtionm -d
module was ev :n linat e d . The concept for the design of the pressure sells ing m m d u  Ic
is shown in - n F igu re 40. In th is design , the thermoele ct r ic-  com ponent , the pI’imin n ’y
heat ext-hange r and isolator a n-c i d e n t i c a l  to the previous design . ( )the r pa n t s  oh
ti-me n odu le n’equ i cc some iii  oth i h( at iofl  and the incorporation of a u i m l  i t  o m i t  I pa rts .
The n~ odi fk -a t i o n  mc linde a si g u t  en la rgemeiit in the e lect ronic  p inck~ng (- and a -( - ( kR - —

t ion in  the nwiii~c’ I’ OF (Oflluec t (mFs. The size of the printed c i t - cu it  boaru l renn a n c—-
the same as ti -mint of tix- the rmocouple c i r cu i t .  The i-old plate is modified to
aCcon1m0 (l~nte the new e leetr onic package. These elements , a ion-mg w i th the t i nt -  ci i i  U —

ek - et r i r s , heat exchange rs and isolator  are  attached to the mount ing p la te . l’he
pr esstn n-c s e n s i t i v -  elcnu -nts are locate d on the opposite side of the n-mounting p late .

Mcchnanic~nl1~- , ti n e m otnu t ing  plat e is t-idged to  i)1’(’ Vt ’llt resonant vi lu t - a t  ion
in the range of fi’equcnu-ies associated with et engines. To accommodate for l i ne
protx- r dtneti n g m mF t Iu ( - h i d  fot ( ( mo l i l ig  and l-)r ( ’ssnnre t u ’  the pi-ope r locat ions - p on t ~— i~u

drilied in Ihi- plate ne;n n’ the mounting lugs and fluid channels.



Tine he at conduction covers and convect ion shields used are similar to
the on-me used for the therm oelectric module. Ti-me assembly is void of any direct
metal heat conducting path between ti -me amb ient heated surface and the heat exchanger
except at ti -me mounting lugs and ti -me electric al connector . The areas should be lagge d
afte r installation. The lagging should cover ti -me exposed parts of ti -me mount ing plates
antI some length of the attaching lines.

St rin ctu cal iv , the inner cove r of the e lect ron ic  packing-c is in -n direct
contact w ith tine secondary heat exchange r . The inner cover of the pressure sensinge lements iS in di ri-ct contact with the seconda ry heat exchange r. Using this
construction and som e lagging ove r tin e mounting lugs and l ine s, the pressuri - sensinge lements w i l l  have a tern perature environj ucii t of about 100 I-’ to 150 F above the fin ch
tern peratu cc. The elec t ron ics  w i l l  have a the rm oe lee L t’ ic coo k’ r to I )~~ng the mounting
plate [or the electronIcs about S0° 1- he low t ie  tern IX� rate cc of ti-me tue I .
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S E C T I O N  V i i

1-:NG iNk-:  TES TS

7. 1. GL-:NLRAL DESCRIPTION

The objective of the eng ine tes t  phase  of th i .’ p r o g r a m  was  to
demons t r a t e  the ope ra t i ona l  capabi l i ty  and en d u r a n c e  of the Bendix
FXI)-33°00 t h e r m a l l y condit ioni- d elec t r o n i c  module  when  sub j ec te d  to the
a c o u s t i c  and vibration c-nvironment of an aircraft turbini- c-ngine . The m o d u l e
was ins t a l l ed  Ofl a JT9D t u r b i n e  c n i1i ne  in a sea level  test ce ll , at P ra t t  ~
W hi tne y A i r c n - a f t  in H a r t f o r d , Connec t i cu t . An existing on-going eng ine t i -s t
program was utilizc- d to provide thi - environmental conditions. The m o d u l e
was  not  us i - d to control time eng ine sinci the purpose of the tes t  was onl y to

evaluate t h u r  unit iind~- r e n C i n i - enviro nnc--ntal conditions. TI-mi- program goal
was to ope r at e  the  module  with t ine e n g ine r u n n i n g  for a minimum of 100
h o u r s .  Since no f a i l u r e s  \vu . r i r n c o u n te red in the m o d u l e , the test ex p o s u re
was  a r i ) i t r a  r i l y t- xt e n d e d  to  ~ O0 h o u r s .

Thi-  JT 9I) eng in u -  is m a n u f a c t u red  by P r a t t  &- W hitney Air c 1 0  f t

and is a t’~ spool h i gh  — b y p a s s  t u r b o f a n in the 43500 to 5Z 0 0 0  pounds of
st -u tic thrust powi-  r class. It is used on wide bodied a i r c r a f t  such as  tbt
h~~- nc 747 and McDonnell Dommc la s DC -10 antI is typ ical  of larc - high p e r —

f o rm m nc- i- t m n r h ) i n i -  u -  ngines. It was selected for the tb- n- mnall y c o n d i t i o n e d
n u u m d m n l i -  t - s t  p r oc  r u u m -  h i - c a u s e  of the a v a i l a b i l i t y  of the o n — g o i n g  c - n g i n l c -  t i - s t
p r o u r - i m  an d  a l s o  h R - r a i se  i t  is a n - m o d e r n  hi gh pi- c f o r n i a n c i -  e ng i n e .

‘l iii- mn o di n he was d -  si g n i e  d to opi- u-a ti at a ni bj i- m t  t i -n i  pe ra t  mm re S t m
750 ° i- ~ it h lint- I c o m d ~m t i t  f l o w s  to 330 0 1 Thi- t h er m a l  pe r f o rn i a n i c - l ev i - I s
of t i -  t t - s t  u n i t  \ \ m - N -  p r o m v en l  in l a h u m r a t u r y  t e st s  because teflipe r zt t mn r - s in  t ifl -
t o - s t  u - i - l i  w o m u l c i  not  a p p r o a c h  these  R - v ~ - i  s. ‘[he i n t e n t  of  t h e  - n l g irx - l i s t s  \ \ , I  S

t o  s how I ia t I - t i n t -  r n i i t  h l y  c onid i ti  n~~- ci n iodu  k- co i n  ld w i t h  s t i  nd t i n e  i i  I r i  I i  (I l l

-nv j r n m n o - n t  of ~-n i ~~i n i- n i n u i n t i r n g .

~
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7 .2 .  TEST E QU I P M E N T

Th 1 - e- h e - c t r o o i c  e q u i prn e- n t  u s e d  fo r  the t t - s t  p r o c  r a m  ~ a s  s up p l i ed
by Bend ix . The t - q l m i p n le n t  jnclitdc- d a readout module , a t h o - r r n o i - l e - c t u - i c
powe r s u p p l y and c o nn 0 - ct i  n c c a b l e s .  Powi- r to the t h e r n i n e  In c tr i c  powe r
supp l y is  p r o v i d e d  t h r o u g h an i n t e r l o c k  m o du le so t h a t  power  and c o o h i n c  ~I o o ~
to the t h e r m a l l y c o n d i t i o n e d  m o d u l e  a r e  a l l  p r e s e n t  a t  the  same t u n e .

7. 3. TEST CONDI TIONS

The uni t  w a s  rut ourm t 0 - ci on a JT — 9 D  tu rb ine  eng ine- a n d  c n on e  o t t - d t

the t e s t  i - q u i p r n e n t  as shown in the block d i a g r am  of Fi g u r e  41. D u r i m i c
t es t ing , the t - n g i n t -  ~va s r u n n i ng .  A l so , th i-  cool ing  f lu id  f’lo w- , t h -  r n u n - l  - et  ri
powe r and r i - a d ou t  ni odin le powe r We ro - a l l  turned on.  The l e a  dou  t ni o d m i  b-
was  used  to read  the ei gh t  c h a n ne l s  of t h er n i o c o u p le d a t a .  T h e  c o o l i n g  f lu id
used  for  the t m - s t  was  o r d i n a ry  t ap  w a t e r  a t  i t s  n o r m a l  ten ipe r a t m i  r e .  The
wate r supp lied to the in t e  rlock a s semb l y was m a i n t a i n e d a t  a n i i i n i n u i i i n i
p r e s s u r e  of  25  PS ia. The- flow— r a t e  -th roug h the ni o du l e  was  to h -  a Ph -

mnate l y 20 l b s / h r .  or 2 . 5 c a l / h r .  Thi s provides about the sUme cooli ng i - a l m ~u e i t v  ~is

JP—4 fuel at 101) lb/hi-. After passing through the test nuodule , the v~ a te m , Vs l ime— c t e l l  I
ture rise was negligible , was routed to a drainage for disposal.

The o m r i ~~i nal  i n t e n t  of  the  p r o g r am  h ad  b e e n  t o -  m i s  I m ui - h m s  I I  h-
s ink in the- e n g i n o - t e St  proc r am.  The u se - of fue l , l i o t w  ~

- 
~ - r • eon  f l u  t m l w - _ -

P & W A  s a f - t y  r o - qu i i r e r n e-n t  an d  had  to be abandon i - d .  Th~- 1 S t -  ~I t b m~ r 1 i d s
which could h0- te nnp c  r a t o n r e  o o o n t r  o i l e d  o V o -  r a r a n - m g i -  of  — * -  I-  i ~s I 1 ( )  ‘ I ~
cons id e-  rt -d h i n t  re~ t - e t m -d on the  h ;m s is  of c o s t .  Th 1 - t he  m m  1 pm - r i - i l  - - - 1
the the- rn al l y co n d i t i o n e d m o d m i l s - h ad  b e t - n  a c h - q m z a t ~- 1 y r b o m s - u i i o i - n t i  1 i n
t e r y  t - s t s , and  the  s - n c i n s -  t u - s t s  \ c m -  mo i n t en d e d I t ,  d n c m i r n i e n t  r l o t s i 1 o n l m  - m l
m o t i - c r i t y  and m- nd un r ~m n e s - . The t y p o  of f l u i d  i n s t - -I o s  a h i - e t  s i n k  e~a s  i t  — s  s - t o m b

a r y  i rulpo i t o  n - ~ for  th m - t si c on d i t i o n s .

7 .4.  k - M ; I N I -  ES I’ R i - : S I J I . i s

f- n L i i l m - — n n o m i n t m -d t t - s t i n ~ 1 t I  th 1-  r u i m m h l v  o n n u - l i t i m u o m -c i I i  o - t r t o t , i m -

fliO d m i h i -  W e -  ps ’ r t m m r m n s - d  m l  U u o t t  It h i t n m - v  A i n - c r u I t  . i h ~ i s  sI Vi - h l i e l t -  Vs - s  - t

J T _ o m l )  - n s i l n t -  t X _ 4 m b .  I N0 I I  d i i i  c e m s  O o ’  m i t - o h  in p 1 ’ m ~ s - o f  a s i m l i t o n  ~~. -~

Me-cd o in 0 - - n e i l ,  - . I I I s  - m -  - I - m N .0 11~ m l )  he 0. - i l l - ’ Ip i n c i i  - u i  n i  i s  ~~ i - r i -

at  I n c a t t - u h  t i m  i l l s  f i m h  1 Vi i li ~i t - I~ - r o t  re 11 s 0 5 5 1  r. -n  t n t  I - :

-~ ~sA.0, -L~~a 
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Chcin i i e l ‘F/C Location

Cli  0 h ybrid temperature
CI1~t 1 Engine Cover
CII - 2  Thermally Conditioned Modul e Mounting Bracket
Cli - Thermally Conditioned Module Elec. Connector
CII I Thermally Conditioned Modul e Cover
CiI- ~
CII:~G Anubient G inches above engine case

1 1 - 7

vil)I-atioll data fur  tine mounting’ location of the test module was also
obtained by using an accelerometer and i-cadout d evice. Thi s d ata is intei-mded to
provide a vibration profile fo i- t h e  niowiting loca~ on at ti-me various engine speeds.
1-’iguic — 12 shows ti-me test location of the thermally conditioned module and the
associated ti-me i-iytocouplc and vibi-ation pickup location.

The total test time accun-m-mulatcci was 200. 5 hours. Failures were
encoiuitcrccl on the read out console and the t hci-in ioclectric power supply.

The the r n imal l y c-onditi oniecl modul e s/N 101 was shipped to l’&WA
for engine tests. In the initial checkout stages after engine mocuiting, thw unit
was found to leak. The ti n -mit was removed and returned to Bendix. Disassembly
of tic dnit showed that the transfe r tubes between the primary and secondary
heat exc -Inanngc-s Vs cu -c too long. This had damaged the heat exchanges in the area
of the C)— rin g seals and resulted in ti -me leak. l’he tui)es \vel-e shortened , tu-mit S /N
102 was a s sc- t i ib le d , leak tested , anti shipped to l~&\V :\ for engine tests.

A summary of the test data is shown in l-’igu res 43 , -1-1 , and -1~ .
l-’ig-urc -l~i I - . cs a history of the h brid circuit temperature duiing ti-ne test.
The i- russ hatched at- ca reprcsi-nts the l imits t u f the temperature data points.
Data was ta ken before ea t - li eng inc run and alter each engine shutdown. Tin -ne
between st n ei- ei-ms ive data points : i i i e d  fi-orn 1(°ss than on -ne hoin r for ti -nc early data
to every 2 1 hoin rs [or ti-nc last 100 hours of I - ° st data.

Ixt r ini g the first  twenty ia~ii n s , the tempe t- atui- e of thi- hybrid c- i ic -u it
was n n a i n t a i n u eu l  between 1 05 ° I - and 175 ° l- anti \\-as independent u m f  the ambient
t em pe na t i n  ic. [hi t -  t - c-ad m t  n)o ( iul e  then Ia ili~u I to itisl)lay data. Tw enty hours of
ti-st t ime un i the ‘ I ( t l  ~ el_ i- a c i -u l n u  ulated before the -nginc  test schedule pc m i i i  tted
removal and repair ol the n e a m  im m u t  module. I’hici-i e wires in i-no way effect ti -me OI)ei~i—
tWin of the T( ’~ i . Therefore , it i n : m s  J)cen ~ssumeil tha t the [‘C?i l func-tioned n omnn ally
i l u r i nnc _ that pen iod.

N I,
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In con su l t a t ion s  \\ iUi P& -WA test c i l g i l i l i r s  it ~vas  :mgrc e ( i  th at  the l:m ilu i c s
were ca~i s id  h~ the ia rsh acoustic c i iv i ro i i i i i e i i t  in the ~‘tigii ie  test cell. Th e  r e : aku t
module and pu\ \  em s l l I ) l ) 1\  \\ crc t u m i s i m u c t e c i  loi a standard laboratory cu~ i I U i i i i l e i l t .
The aeon s t i c - cmlv i  i m m i m  in ciii v~ : S u in _x f)c ctc d .  The readout in odulL’ was , therefore ,

xU rt~ i l l v  padded ~ i th  b a u m  to ac t  :m ~: an acoustic ab s o i h i m i g  material.  I l u re ~\er e
h o  hi r the i P roble ii S W I t h  t l ie  i ea( k Itt I III  ( iduic. Si lice the jio~ve r .~ UpJ)ly to r the the en m o—
electr ic  cooler 1 ih U i  m e  ire a - Lu ( I i s s i p : m t c  the heat [ron) the tw it , acoust i c  insulat ion
could not easily l ie  a~lt lc i l  1k) ~U\\ ei  su pply.

:\ I te i  about hours  of eng ine  t es t i n g ,  sonic below normal  t en i p e ra tu f t s
were noted in the t i - st  dat : i .  A fter  sS hours of testing the ability to t empera tu re  control
the uni t  ~~:ms lost .  t h e  i : m t i u l m  oI the hybr id  c i rcui t  and the rca (k)Ut iiioilule , lnm ~ I~ c i ,

~ crc not affected.

\ iu j uL check showed tha t  the t h e r i i i o m lectric po\vc r supply had tailed.
At this t ime  a crucia l  k iso ) j)  in t h e  test program was made. E ither repair the power
sup~ iy and risk ha~ bug the  em mgi  ne cudu r :uice run completed helo ic  repairs could be
macic or  ( Oli t i  m i m i c  r u m u h l u g  w i t h )  ‘at power to the thermoelectrics. Si ice ii n iaj u  l i t 1
of the lOU hour c n g i l i t  m U i i m i i n g  ~~: m t  had been met , a decision to continue wi thou t  repairs

~\ :is nia (ie . l i m e  l u t c i t i  I the c i m L i l l i  l is t  ~~: ms to show that the  l C \ l  would s u i ~ iv e  the
c i h g i I l (  e n v j i u m n ( I l I  . It ~ ms fe l t  t h a t  this intent  could be met under test ccli ( t > I l t l i t i u i ( —

~ ith ( ( 1  w i thout  th e  t h e r n u  c l i (~ t i e s  operat i ng. ‘Fhi e fa i lure  mode to which the
the i n ioe lcct i i e s  \\ ( u i  In  ul eel  i i i  this t e s t  ~ ‘:ms due to mechanical st i c s s  . I’his
s t m i s s  was due to en g i n e  ~ i h i a t i o n  m u d was e s s e m m t i : i l l y  the same ~vhcthe  t ’ t u e  th er i i io —
eleetr ie s \~ c r c  m \ ( i~~’ m u i  ‘~. . \ 1 t e t  u n ]  ii lction 1 the engine test jfl’og r:i I ] , t Ill
t h e i i m i o e l c t ’ t t i i  P°” ( ‘ I  su l ) l ) i\  \\ :is c N : i i I I j i i c ( i .  A br oken wire  was  found. T u e  u n i t
\~ as repa i i e ( i  a n il  i U ~~( ‘~ i.() I ( hheCk ( ( l i t  I the  i ’C\ I  a ftei ’ the engine test  r g i :uii
at I t e i n t ix .

I h e  d ied (( 1 i e n n  \ i I n ~ p W ( ‘ 1 to the theriiioclc ’ctrics is clea ri s i l l  (wn il l

l ’ig im r e  1~ . \ lt e r ~ 5 hours , the hy br i d  circuit t cmii p er atu t~~s ~‘ere iiow controlled
by the ~ a te r t et im per : I t  i i i  :i mu i the ai im  bicnt t cmnpe r atu re. l est data is agai n scattered
in ti m e e l m  e~sli : i t chm I a l e a  and gene rally cie t e rmimi m m e d by wheii the reat ling was takeil .
E~cfo re i i ~~i i i e  sk i  i 1 ~ , the t e i m i p e i : i t u  i’e was ge mie r ai ly about 70 0 V. Alter engine
flhi n~ the  t m ’ i n p e m : i t u i e  i ( ~ t Ch ( ~(i : m~ high :ms t7 s °F. Data in l’igurc I I  ~~ pi’csentc ml so
t i m t a i h l i) i c i lt  t ( ’i l i i ) era tu  i c  (km l i I t L ~ the test cai l  he Co t i l p a  red with the h~ h r id c i rcui t

tc mi i  pc m a tt i  i c .  ‘I ’he ( ‘ i i i ’ )  t ( 1  ( ‘l)c rat ing t u e  thei ’ii ioelectric cooler is clea rly demon-
strated.
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To evaluate  the e ffe c t iveness  of the shock mounts used on the
thermall y conditioned module ( T C M )  vibration data was compa red for th e
radial and axial  d i re ct ions  of the eng ine and module . Typ ical data points
are shown in Fi gure -15 . At the eng ine speeds wh ere data was a v a i l a b l e ,
the shock m ountin g reduces  vibration l evel s  b y a factor of 10 to 20 in a l l
p lanes.  Eve n thou g h en eine  vibration l e v e l s  reached 1 R 6  G’ s , the module
vibration did not e x ce ed  10 G ’ s .

7 . 5. POST TEST EVALUA T ION

Upon comp letion of the eng ine test , the thermall y condi t ioned
module was returne d to Bendix whe re the unit wa s re tes ted .  The unit was
first  checked out at room tempe rature without fu el cooling flow. The h yb r id
si gnal conditioning c i r cu i t  pt rfo rn ied nor mal l y. The the r r n oclec t r i c s  wi re
powe red and we re a l so  found to be funct ionin g.  Based on the above  b e nc h
test , it was concluded that th e unit had survive d the eng ine tes t  without
detrimental e f f e c t s .

Following bench check , tes ts  we re performed to determine if
the thermal cha rac ter i s t ics  of the unit had changed. Test  data , as in Fi~~I i r e
15, wa s to be taken at 750 °F ambient air with J P - 4  fuel at seve ra l  tem pe r-
a tu re s .  Se ve ral problems we re encount ered in this attem pt. The heat  m N -

changers we re foun d to be partiall y clogged with lime due to the h a r d  t a p
wate r used in en gine  t e s t s .  A meaning ful comparison of data could  not be
made with an obstructe d heat exchanger .  The lime was removed bV f l u s h i i h C
with phosp horic  ac id .  This ac id  is non - r ea c t i ng  with the a l u m i n u m  h eat
exchanger  and , t h e r e f o r e , would  not dam age the uni t .

R e t e s t  of th e heat  exchan ger  showe d the p r e s s u r e  drop ac russ
the unit and flow rate s we re back to norm al.  The r ma l ti sts on the  u n i t  ~‘ e r
rein it iat ed.  The unit ope rated , but  the the r moelec t r ics  w e r e  o n ly  ab l e  t~ ’
maintain a 50 °F’ d i f f i  ren t ia l  from hot plate to cold p late . Th~ SN 1 0 1  u n i t  h a d
been abl e to main ta in  a 90 ° !- di f fe  r i n t ia l .

A teardown insp ec t ion  of the unit r evea led  that f ue l  h a d  h i  k i d
into the modu le  cavi ty .  This had act e ci as a thermal  path for he a t  f r o m  t h e
cove rs to reach the th e rrnoe ic c t r i  cs .  This r i’ s u l t & cl in a s u f f i c i e n t  h I ’  a t  h m;i (1
to limit the coo l ing  ca paci ty  of the th e r m oe l c ct r i c s .

P r es s u r e  t e s t ing  r e ve a le d  a l e a k  in the  pri m a ry he at  m ’ x e l l a n r e  r
uppe r sur f,i cm ’ . Th e a lurni nu n-m at th is  s u i f a  cm in 0. 0 1 0 ’ ’  to 0 . 01  ~~~‘ ‘ t h ick , Fit e
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wall had been weakened due to corrosive action of the tap water. The test unit
is presumed to have survived engine test because of the reduced pressure and
flow rates. In the laboratory , JP—4 fuel at 130 psi was used. Engine tests
useci water at about 25 psi. The conibination of test pressure and corrosion of
the aluminum are presumed to have caused the failure. As a result of these
failures in the heat exchanger , no further performance tests were attempted
on the thermally conditioned nioclule.

Since one of the objectives of this program had been the test and
development of a thermoelectric cooling module , the thermally conditioned
module was disassenthl ed , the ther moeleetrics were removed and sent to the
manufacturer for retest.

The manufacturer reported two related prob lems with the thermo-
electric element. The first was that the cold plate of the thermoelectric element
was no longer flat and had to be ground flat before testing. Heat pumping capacity
had decrease d about 20’ , .  Fu r ther checking in thi s area showed that several
of the thermoelectric couples at the perimiter of the thermoelectric module had
increased resistance from a normal 5 milliohm s to 38 to 75 milliohnis. Thi s
change in resistance was also found to be pressure sensitive. The man ufacturer
concluded that several of the solder joints between couples had broken.

It is evident that the .010” to . 015!! wall of the heat exchanger did
not provide adquate support for the thermoelectric module and allowed movement
sufficient to break the solder joints.

Future app lications will require redesign such that stress levels for
the thermoelectric elements will not be exceeded.

Further examination of the components and consultation with the
manufacturer pinpointed the probable cause of the solder joint failure. The heat
exchanger showed a depressed area in the center section where the leak had
developed. This depressed area corresponded with the surface on the thermo-
electric m odule that had to be groun d flat. The depressed area showed evidence
of overpre ssur e from the outside. It is therefore believed that fuel or water leaked
into the area between the thermoelectric couples. \\‘hen power was applied , the
fuel or ~~at ci’ vaporized since the temperature in this area reaches 300 ° 1” . The
vapor expanded resulting in deformation of the heat exchanger and overstress
in the boundary area between the heat exchanger cooling surface and the
heat exchanger perimeter support area. ‘I’he cause of the solder joint failure

92
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is the re fo r~ deduced  to he due to o ver s t r e s s  due to vaporizat ion of the  foi l
o r wate r leakage due to the heat exchanger  leak.  The heat exchanuer  leaked
as a resu l t  of corros iv e  action of wate r used in the e n g ine test progra m .  No
suc h probl em is expected when jet eng ine fuels are used as a coo lan t .
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SEC’l’lON VIII

~‘d )N( ’ 1,t ’ Sl ( )NS j AN! ) HECOI~IMENDA TIoNS

‘l’he significant result of the program is tha t it both demonstrated the
feasibility of the concept and provides correlation between the analytical approach
and tests results that will allow design of future applications with a high degree ol’
confidence that actual performance will conform to p redicted perf orman ce .

8. 1. CUN CLI SIONS

1. Correlation between analyis and tests was good.

2. The design is sufficiently rugged to withstand the engine operating
enviromm ient  currently projected for Mach 3. 5 aircraft.

3. In applying results of this study to specific application s , improvements
in performance can be achieved in seveml areas:

• The thermoelectric perform an ce can be improved.

• By correlating the module design with engine mounting, the
modul e could be shielded fro m the 50 ft/sec. velocity and
performance would be impro ved.

• Improvement in shielding in the base area and sides of the
secondary heat exchanger arc possible and will improve
perfo rnlaflce.

• Additional dlcvelopnient of the heat exchanger would result
in equal performance with a lower pressure drop through
th e heat exchan ger chan nels. Redesign is also repaired
to provide better structural support for the the r inoelec Id es.
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4. In imp lementing any specifi c applications , special attention should be
given to the considerations associated with “hot soak” after landing
and engine shut down .

5. The heat load imposed on the fuel by module operation is less than
one (1) percent of that projected for the fuel to oil cooler on high Mach
number aircraft . Reference report AFAPL—TR—7 3— 51 , “Air craft
Fuel Heat Sink Utilization. ”

6. A design approach such as that studied here is necessary in those
applications where for survivability or reliability reasons the electronics
must be maintained below the temperature of fuel available as a sink.
The penalty paid is the power consumption of the ther moelectri cs.

7. While the emphasis of the program was on “small” individual circuits
or sensors , there is no inherent limitation on the approach because of
size. Subject to the thermoelectr ic power consump~ on penalty the
approach is applicable to an engine mounted digita l controller.

8.2.  REC OMMEND ATIONS

1. At such a time :15 specific requirements are diefined for thermally con—
clitioned components , the design concepts demonstrated in this program
should be utilized.

2. The areas where additional development would improve overall operation
are considiered to be;

• ‘J’hernioelectrics —— Any improvements that effect the
heat load pumping capability , power consumption (efficiency )
and/or will increase the temperature differential from cold
to hot plate would enhance the value of the concepted approach.

• h eat Exchangers —— Equivalent effectiveness with a decreased
1)t.essUre drop through the channels is attainable with some
(lev elopilt ent effort.

1) 5
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APPENDIX

THERMOELECTRIC CHARACTERISTICS

1. 0 TilE THERMOELEC TRIC PHENOMENA

Fou r basic physica l phenomena can be associated with the operation of
the rmoelectri c devices : The Seebeck effect , the Peltier effect , the Thomson effect ,
and the Joule effect. The Seebeck effect is the emf generated when two sides of a
the rm oelectri c module are mainta ined at diffe rent temperatures. The peltier effect
is the heating or cooling effect observed when an electrica l current is passed throug h
two dissimilar junctions . The Thomson effect is a heating or effect in a homogeneous
conducto r observed when an electrical current is passed in the direction of a tem-
peratu re gradient . The Joule effect is the heating effect observed In a conductor as
an electrical current is passed th rough the conductor.

1. 1 SEEBE CK EFFECT

In 1821 Thomas J. Seebeck discovered that when two dissimilar conduc-
tors are connected and if the junctions are mai nt ained at different temperatures , an
emf can be observed in the circuit . This emf is calle d the Seebeck emf and the
effect is known as the Seebeck effect. The effect is illustrated in Figure A-i .

~~

Figure A-l
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This open—circuit voltage is a function of the materials making up the
coup le and the temperature of two junctions .

~
‘ab = C1 (Th - Tc) + C2 (Th - Tc) 2 + - - --

2 (1—2—1 )

And the Scebeck coefficient is defined as

~~ab OVab = C 1 + C 2 (Th - Tc) ~~C 3 (Th - Tc)2 +-- -  (1-2-2)
0Th

1. 2 PELT IER EF FECT

It is well known that the passage of an electric al current through the
junction of two dissimila r conductors in a certain direction produces a cooling
effect , and when in the oppos ite direction , a heating effect . This was found by
Jean C. A. Pe lt ier in 1834 and is now called the Pelt ie r effect . The rate s of
both heat generation and absorption are propo rtional to the current and depend ent
on the temperature of the jun ction and the Peltier effect is expressed as :

Q~ 
= irl (1—2—3 )

The process is illustrated in Figure A—2 .

I <T ’

Figu re A-2

By Kelvin ’ s relation we have ~ a T where a is the Seebeck coefficient of
two dissimila r conductors and T is the absolute temperature at the junction ,
then the Peltler term equation ( 1—2—3) is written as:

Q~ 
= aT! ( 1— 2 -4)
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1. 3 THOMSON EFFEC T

William Thomson (later Lo rd Kelvin ) examined the effects of Seebeck
and Peltier and derived a relation between the respective coefficients .

In this process , he predicte d the existence of a new effect called the
Thomson effect . The re is a heating or cooling effect in a homogeneou s conductor
when an electrical current passes in the direction of temperature gradient .

The Thomson effect per unit volume is written as:

= rJ dT ( 1— 2 — 5)
dx

where 7’ = The Thomson coefficient

J = Current density.

dT Temperature gradient
dx

I
,- -- - . - . 

f ~ 4~~Q&

(

I 
~~

Figure 
~

Iron has a positive Thomson coefficient and copper has a negative
Thomson coefficient.
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If Qt is the heat absorbed when the direction of J and coincide

dx
with each othe r, then T is positive . ~

- is negative if Qt is the heat generated
when the current flows in the same direction as the temperature gradient . The
Thomson e ffe ct per length is written as:

Qt = 7’ I 
~i.L.. 

(1—2 — 6)
dx

These three effects : Seebeck , Peltier and Thomson are reversible
phenomena.

1. 4 JOULE EFFECT

When an electrical current is passed throug h a conductor , which is
isothermal , there is a heat generation calle d Joule heat . Jou le he at per unit
volume is written as:

q3 = pJ 2 (1—2—7 )

where p :  Electrical resistivity
J : Current density

This is an irreversible process and for the actual operating condition
of thermoelectric devices there is another irreversible process , thermal conduc-
tion .

1. 5 Th ERMOE LECTRIC FORMULA FOR PELTIER HEAT
PU1~IP 1N G DE VICES

In this section a usefu l approach for defining heat flow for the rmo-
electri c modu les is developed utilizing a concept of average d transport properties .

QC

— L,.

Figure A-4
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In the operation of thermoelectr ic modu les It is reasonable to assume
that heat flows only in the direction of X, this means there is no heat flow except
th rou gh the junctions , as shown in Figure A-4 .

Moreover , all the heat may be considered to flow through the plates
which sandwich the thermo electri c couples. To find a formula for QC or QH
It is necessary to look at one of these thermoelectri c couples.

A coup le consists of two dissimilar conductors and therefore , as
mentioned before , it has all the thermoelectri c effects , and for the rmoelectri c
devices the prope r materials are coupled to produce extensive the rm oe lectric
e ffects or to have highe r pe rformance .

To Th Ti Tc

N

Figure A—5
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As shown in Figure A-5 the direction of the current is opposite for
N versus P mat e rial . Most of the prope rties of these two materials diffe r from
each other , in fact . If one makes use of these differences one can derive the
equation of the heat flow for a coup le having the equ ation of heat flow along a bar .

Now consider a ba r having a different temperature at each end throug h
which the current is flowing in Figure A—6 .

Th 
_________________ 

rc
- ---“

Figure A-6

Under ste ady state conditions as Figure 1—6 , the differential equ ation
for energy flow through a unit volume is written as:

TJ ~~~ + ~~j  
dT — ~J 2 

— 
d (k 4~J 0 (1-3-1)

Ox dx dx dx

where k is the thermal conductivity of the material .

To solve equation ( 1—3 —1 ),  the numerical method would be applied
knowing the transport properties as a function of location and temperature .
Therefore , it is rather necessary and convenient to assume averaged transport
properties. With averaged properties equation (1—3—1) wIll be applied for the
N arm of the coup le and wr itten as:

d2 T T~~J dT + p~~J 2 = 0 (1—3-2)
dx clx
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where kn, T~~, P n are averag ed properties of the N arm . From equation ( l - : -~~,
one can derive the equation of heat flow at X = 0 and X =

The sam e equ ation will be applied for the P arm , but with d i f fe rent
properties and an opposite direction of curr ent. Thus , adding Pel tie r term s,
one can have the equation of heat flow at the junction of two dissimilar conductor s .

Heat flow at Tc is

aTe! + 1 ~ I~~T 
— ~ 

- K .~T (1-3-3)
2 2

Heat flow at Th is

= a ThI 
— 

1 ~ I~~T + 1 12 R — 
K~~T (1Th~~4)

2 2
where : ~ T = Th — Tc ,

* o is the net Seebeck coefficient of a coup le at the temperature of the junct ion .

~~, K and ~ are ave r age properties of a couple in the temperature range of Tc<
T < T h .

One should notice that these transport properties are all temperatu re dependent;
extensive experiments are needed to find out their relationship to temper atu re.

1.6 THERMOELECTRIC PROPERTIES AS A FUNCTION OF
TEMPERATURE

The following section describes the experimenta l method utilized to
obtai n the module Seebeck coefficient a m, module resistance and fllO(kl le
thermal conductivity Km as a function of temperature .

The properties found in the experimental method are actually averaged
properties of a module at certain temper ature and there fo re those assumpt ion s
mad e in the preceding section can be app lied, that is , those equations in the
section (1— 3) can be calculated with the r esults of this section .
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1. 7 CALCULATION OF THE THERI\1OELECTRIC EFFECTS

A the rmoe lcc;t tic module contains a numbe r of couples conne cted
elect rica .’lv in series and thermally in parallel . There fo re , if a module is m ade

) I a number of coup les , the re frige rating effect  of a module may be written fro m
• equation ~l . :~.

QC = n (a  Te l + 1 ~ I~~T 
— 

1 ~~~ ~~~T) (1-7-1)

let a~. = n d :  d~. is a module Scebeck coefficient at temperature of Tc

= n r ;  7- I-fl is an average d Thomson coefficient of a modul e with
temperature of Tc < T 

~~~~~~ 
Th

R 111 nil ; R~1 is an average d electrical resist ance of a module in the
temperature of Tc < T < Th

K m nK; Km is an aver age d the rmal conductance of a module of
Tc ~ T c Th

Equation ( l — ( —l )  will be rewritten as

QC = d~ , T e l + 1 y I~~T 
— 

1 ~~~~ 
— Km (1 7 2)

S~nii larly , the heat pump effect of a modul e can be written with equation (1 —7 —4)

QH a 1~ T 1~ I 1 r I ~~T + 1 I2 R 1~~_ Km~~T (1-7-3)
2 2

Wh e re a h is the module Seebeck coefficient at Th.
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A refrigerator and a heat pump are essentially the sam e device; they
bring heat from a cold body to a hot body with a certain input power . This device
is calle d a refrigerator when an object is cooled and calle d a heat pum p when an
object is heated .

To bring heat from a cold body to a hot body cert ai n power is alwa ys
necessary . This power is calle d inpu t power to the module . The input power
re quire d is determ ined by temperature conditions of a module and the current
passing throu gh a module .

The input voltag e to hav e a current of I may be written as:

Th
V adT + IBm (1 7 I )

The input power to a module will be expressed as :

P = V.1

a~~ AT1 + ~~~~~ (1-7-5)

Where d m is a mean value o f the Scebeck coefficient in th e temperat u re
range of Tc < ~ T < Th, and ~ m ~~T is a Seebeck voltage which tends to draw
a curre nt I from N to p mate rial at the hot j unction . The operation of a therm o-
elect ri c modu le Is shown In Figure A— 7 .

Tc ~

1k 11 Lffl L
I’ ( 

jQh

Fi gu re A—7
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The coefficient of pe rfo rman ce of a refriger ator and a heat pump are
defined in equations (1—6—12 )  and (1—6—13) ,  respectively .

CORP = QC/P ( 1—7 —1 2~

COPL I QIl /P ( 1—7— 1 :~)

To calculate Q C, Qil , U, CORP and COPH , , , , R, and K have to
be calculated at each teniperatu uc level .

1.8 OT h ER PROPERTIES OF A THERMOELECTRIC M ODULE

There are man variable s in a thermoelectr ic modu le, expecial ly the
properties of the material which are all temperat u re dependent; these change s
with temperature have to he considere d in the calculations . There are other
properties in a module which are not temper atu re dependent but still allo w signif-
ican t changes in the pe rfo rmance of a module , namely, the numbe r of couple s
in the module and the  shape ratio of the element used for a couple .

An increase in the number of coup les increases the heat pump ing
( a  parity aii~ I input  power tO :i module, since the coup les are connected elect rically
in se ties and t h e r m a l ly  in paralle l.

It w i l l  he noted from these equations that  a unique module design for
a given app lication ma~ he derived . It must be caut rn ned , however , that not all
m cxlu he design s are neces sari l~ m anu factur able.

QC fl 
~k and Qhl 1 qj ~ ( 1 — 8 — 1 )

where QC and Qhl ;~ cc the refr igerat ing and the heat pumping effects of :t modu le,
i~ and q h are th at for a couple , n is the mim 1x r of coup les in a niodu le .

1
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The input voltage can be wri tten as

+ IRm n (a~~T +IR) (1-8-2)

The input power is

P = VI ni (aL~T + JR)

COPR and COPH are :

COPR = QC/P = 
____________  (1-8-4)
1~a~~T + IR)

COP H = QH/P = 
_ _ _ _ _ _ _ _ _ _ _ _  (1-8-5)
I ( a~~T + IR)

The preceding equations state that the coefficient of performan ce is
independent of the numbe r of coup les and that the input power and the heat pump-
ing effect is pr oportional to the number of coup les for fixed condition .

These rela tions hold also true for a diffe rent number of modu les if
they are connected electric ally In series and thermall y In par allel
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